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Abstract
Multi junction solar cells are devices fabricated from two or more solar absorbers that
absorb different parts of the solar spectrum. Typically this is done to yield a device
with a superior efficiency to single junction devices derived from those absorbers
and to surpass the efficiency limit of a single junction device (approx 30 %). The
highest performing solar cells currently available are multi junction, but they are also
the most expensive, typically restricting their use to applications that require a high
power output from a small area. Another possibility for multi junction solar cells is to
combine absorbers with a low production cost and simplicity to produce. This could
potentially realise a solar cell with an efficiency greater than existing single junction
technologies, but with a lower cost.
Absorbers such as the dye-sensitized solar cell (DSC or DSSC) are relatively simple
and cheap to produce but are not currently being mass produced. By comparison
the thin film technology, Cu(In,Ga)Se2 or CIGS, is currently being manufactured
for use commercially at a competitive price and performance to the current market
leader, silicon. A tandem solar cell comprised of the DSC and CIGS absorbers has
shown promise of an efficiency suitable for commercial application. Initially these
tandem devices were demonstrated as a physical stack (one above the other) of the
two separate solar cells connected electrically in series. The design has progressed to
a monolithic design, highlighting several crucial areas requiring further development
if the tandem is to prove successful.
Typical components of the DSC are sub-optimal for use in a tandem cell and re-
quire development of alternative approaches when combined into the proposed tandem
cell. DSCs suffer drawbacks such as a lower efficiency and long term stability issues
which has so far limited their commercial use. Optical losses from the transparent
conducting oxide (TCO) used in both the DSC and CIGS absorb a small amount of
light that is required by the CIGS. These parasitic losses ultimately reduce the overall
performance of the tandem device. The work presented in this thesis makes use of
pulsed DC sputtering to deposit titanium-doped indium oxide (ITiO), a material that
is highly transparent across all the wavelengths absorbed in the DSC/CIGS. Pulsed
DC sputtering reduces the time taken to deposit layers of ITiO whilst also exhibiting
excellent electrical and optical performance, potentially reducing the overall cost of
the DSC/CIGS tandem.
The monolithic configuration of the tandem leads to the electrolyte of the DSC
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being brought into contact with the CIGS cell. The electrolyte is crucial to the
operation of the DSC (and tandem) as an efficient hole conductor between the two
absorbers. This electrolyte also corrodes the CIGS layer and complete device failure
occurs within a matter of hours of device assembly. Use of another TCO, zinc oxide-
doped indium oxide (IZO) is examined in this work, deposited in the amorphous phase
to act as a barrier between the DSC electrolyte and the CIGS surface by preventing
the electrolyte from reaching the CIGS through pinholes in the TCOs typically used
as a top contact.
Finally the current-voltage (I-V) measurement of a solar cell determines critical
parameters, of which includes the efficiency. The use of a mask across the DSC to
accurately define the cell area is crucial for the measurement of its efficiency. This
work demonstrates that applying this method to the tandem cell causes shading of
the CIGS layer, resulting in a reduced electrical performance. A solution is proposed
by modifying the device architecture to better match both absorber areas whilst
preventing a short circuit between the DSC electrolyte and the CIGS back contact
through the use of insulating SiO2 layers.
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Chapter 1
INTRODUCTION
During the 1800s the industrial revolution rapidly changed the way we live across
the world. In its wake a time of creation, invention and innovation has followed, in
a quest for a better standard of living. This continued development has resulted in
a dependence on several forms of energy, provided primarily by burning fossil fuels.
Despite the numerous and significant developments in our understanding of science
and technology, we are still yet to break our reliance on these ’dirty’ fossil fuels for
energy generation.
Fossil fuels boast a high energy output whilst only requiring the most basic of
operation to maintain: fuel, oxygen and heat. Their simplicity to use has come at a
price: it is well known and to an extent accepted that the release of carbon dioxide
from burning these fuels has lead to global climate change, a process whereby the
planet’s complex ecosystem is disturbed. One of the more iconic potential outcomes
from climate change discussed is the melting of the polar ice caps, which would lead
to an increase in global ocean water levels and reduction in available land mass.
More recent acute changes in weather and seasonal patterns have been attributed to
global warming, such as increased rainfall causing heavier floods and stronger seasonal
events.
Regardless of data to suggest oil reserves are extensive, fossil fuels are a finite
resource and their availability will eventually decline. The inability to meet the de-
veloped worlds demand for oil has been seen before over the last 100 years, especially
during the 1973 OPEC crisis; If we are still reliant on this fuel when available reserves
become depleted, the remaining supply will become an expensive luxury resource [1].
Researchers across the globe have therefore sought after several alternative energy
generation methods, planning for a time where fossil fuels have either been depleted
or are scarce.
Several alternatives have appeared since the 1940’s with the most immediately
viable being nuclear fission; however others such as solar photovoltaics, wind, nuclear
fusion, biomass and hydroelectric energy are beginning to gain traction due to their
intrinsic safety and low operating cost. This thesis will focus on the materials and
design of solar photovoltaic (PV) devices for use in electricity generation.
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1.1 Energy From the Sun
Life on Earth would not exist without the Sun. It is one of the constant factors that
has enabled life to evolve and flourish over billions of years. All life in the planet’s
ecosystem relies on the Sun for energy either to produce their own food, such as plants,
or by preying on other organisms who consume these plants. Plants use sunlight in
a process called photosynthesis to convert solar energy to chemical energy, which in
turn produces food. These reaction sites, called ’chloroplasts’ are mainly present in
the plant’s leaf and benefit from having a large surface area exposed to direct sunlight.
In tropical rainforests the competition between other plants have led to a complex
ecosystem of trees growing to an enormous height with fascinating adaptations in
order to enhance the area exposed to the sun. Photosynthesis itself is a complex,
highly adapted process specific to the production of food and not large quantities of
stored electrical energy. Of the light that a plant receives, only low energy red photons
are used, the rest reflected - leading to the green appearance of the leaves.
It is believed that all plants in the world are able to generate, on average, 100
Terawatts (TW) of energy [2]. This is a truly staggering amount, given that photo-
synthesis does not utilise all of the sunlight it is exposed to. In context our civilization
currently generates roughly over 5 TW of electrical energy, which is only likely to in-
crease [3].
For practical solar electrical generation the process used would need to be much
more efficient than that of photosynthesis. It would be impractical to occupy a similar
sized area of the Earth that plants occupy to generate electricity from the sun (parts
of the Earth’s land mass appears green from orbit!).
Space is therefore an important consideration as we cannot cover our planet in solar
panels, due to the problems it would cause to the ecology of the planet. Therefore
an ideal solar cell would absorb as much sunlight as possible in as small an area,
whilst efficiently converting it into electrical energy. In order to design a cell with this
specification we need a comprehensive understanding of the materials we can use to
convert light into energy and the light we can utilise.
1.1.1 The Solar Spectrum and Air Mass
The Sun is a massive nuclear fusion reaction, converting low atomic mass elements
into larger atomic mass elements, releasing a tremendous amount of electromagnetic
radiation. From the Earth’s surface the radiation emitted from the Sun may be
described as a blackbody using Planck’s law, with a temperature of 5800 K. As such
the spectral irradiance, Iλ, can be plotted against wavelength [4]:
Iλ =
2hc2
λ5
1
e
(
hc
kBλT
)
− 1
(1.1)
Where h, c and kB are constants, λ is the wavelength of radiation measured and
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T is temperature in Kelvin. This theoretical spectrum of radiated energy from the
Sun is plotted in Figure 1.1. This closely follows what has been measured outside
of the Earth’s atmosphere, which is also plotted in Figure 1.1 as AM0, meaning no
atmosphere.
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Figure 1.1: The spectral irradiance of AM0, 1.5 and 2 reproduced from [5]. Plotted
alongside is the approximated spectral irradiance of a blackbody with T=5800 K,
according to Planck’s law.
Although this blackbody approximation is helpful to determine the potential avail-
able spectral irradiance, it is not indicative of what will arrive at the surface of the
Earth. The Earth’s atmosphere is able to absorb several different frequencies of visi-
ble and infra-red radiation from compounds present (O3, O2, H2O and CO2). These
bands of absorption can be seen in Figure 1.1 in the AM1.5 and AM2 spectra at ca.
750 nm, 930 nm, 1125 nm, 1350 nm and 1800 nm. The angle of the Sun above the
Earth will affect the distance the light must travel to reach the surface of the Earth,
which increases the absorption of these wavelengths. Air Mass is therefore used to de-
scribe the relationship of incoming radiation of a given path length, L, at an incident
angle at a surface, θ, relative to the Zenith path length, L0:
Air mass =
L
L0
≈ 1
cosθ
(1.2)
The American Society for Testing and Materials (ASTM) release reference data
in an attempt to unify testing conditions for solar cells, so that research groups and
commercial enterprises may make useful comparisons of solar cell performance. This
reference data uses modelled AM 1.5G for the surface of incident irradiation and can
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be seen in Figure 1.1 [5]. These conditions were chosen as they are representative
of average latitude in the 48 contiguous states of the USA, but more conveniently the
maximum power available is ca. 1000 Wm−2 when the spectral irradiance of AM1.5G
is integrated [6]. In addition to air mass the axial tilt of the Earth on its orbit (23.5°)
plays a pivotal role in seasonal change due to the uneven distribution of incoming
radiation from the sun. This is represented in Figure 1.2 where the seasonal change
can be depicted due to the axial tilt of the Earth. As a result seasonal change will
contribute to the amount of sunlight there is for a PV device to convert into electricity,
winter months will see a reduced solar resource relative to the summer months.
Sun Earth
Solar Radiation
Figure 1.2: An example of how the axial tilt of the Earth can cause seasonal change
due to the change in surface area exposed to incoming radiation. Here the northern
hemisphere is experiencing summer and has a larger surface area exposed to the sun
than the southern hemisphere and will therefore have a higher temperature relative
to the southern hemisphere.
1.2 Photovoltaic Devices
1.2.1 The Photovoltaic Effect
The process whereby an electrical current is generated in a material directly from
sunlight is referred to as the photovoltaic effect. It was first documented in 1839
by Edmund Becquerel, who noticed that two electrodes in an electrolyte solution
could generate a small electrical current, based on the choice of metal(s) used as the
electrodes, which increased when placed in direct sunlight. In modern photovoltaic
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devices this effect is used as the principal method for electrical current generation,
typically through the use of semiconducting materials.
1.2.2 Semiconductors
A semiconductor is a material that, dependant on conditions, may exhibit slight
conducting properties. With respect to conducting properties, a semiconductor will
lie between a resistor and conductor. Typically a semiconductor requires an external
input of energy in order to conduct a significant electrical current, with conducting
performance decreasing close to that of an insulator as temperatures tend towards 0
K. The difference in conductivity between conductors, semiconductors and insulators
are dependent on their electron valence and conduction band energy levels. Electrons
occupy orbitals around their respective atomic/molecular nuclei, confined to a series
of allowed energy levels. Electrons initially fill the energy orbitals lowest in energy,
closer to the nucleus, compliant with the Rutherford-Bohr model. As more electrons
are present orbitals higher in energy will become occupied with a distance further
away from the nucleus.
Ec 
Ec 
Ec 
Ev 
Ev Ev 
Δ
E
 
Δ
E
 
Δ
E
 
Metal Semiconductor Insulator 
~1 eV 
~9 eV 
Figure 1.3: A sketch diagram, crudely depicting the valence band maxima, Ev and
conduction band minima, Ec in a metal, semiconductor and insulator. The band gap
is the difference in energy between the valence and conduction band. The band gap
energy in the diagram is approximated for semiconductors, although this value will
vary with material, for example silicon has a bandgap of 1.1 eV.
In a semiconductor and/or insulator the highest occupied molecular orbitals (HOMO)
are termed the valence bands. After the valence band a series of higher electron en-
ergy states exist, which are the lowest unoccupied molecular orbitals (LUMO) and
these are termed the conduction band. These two bands are separated by an area
where electron energy states are forbidden, this region is the band gap. As LUMO
states are occupied in a semiconductor its ability to conduct an electrical current will
increase. Electrons promoted to the conduction band in a semiconductor must have
an external input of energy equal to or greater than the energy of the band gap,
shown in Figure 1.3. By comparison a metal has the intrinsic ability to conduct an
electrical current, due to the overlap of its valence and conduction bands, resulting in
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no band gap. In an insulator the band gap is so large that it is not able to conduct an
electrical current. In photovoltaic devices this external source of energy is provided
by absorbed photons from the sun.
1.2.3 Semiconductor Doping
Through the deliberate introduction of impurities into an intrinsic semiconductor it is
possible to change its electrical properties, a process known as doping. Semiconductor
doping is carried out to produce a semiconductor either deficient in electrons (p-doped)
or have an excess of electrons (n-doped).
h+ e-
p-doping n-doping
Figure 1.4: A simplified Bohr model diagram depicting the covalent bonding in p-
type and n-type doped silicon and the resultant de-localised hole and electron that
are generated.
The choice of dopant relies on the valence electron count of the semiconductor
and whether the semiconductor needs to be p- or n- type. Silicon is a group IV
semiconductor with four valence electrons; to introduce an electron deficiency (p-
doping) a group III element would have to be added to the crystal structure, such
as boron or aluminium which both have three valence electrons. To introduce an
excess of electrons (n-doping) a group V element such as nitrogen or phosphorous
would have to be added, due to their five valence electrons. Impurity atoms will
fit into the semiconductor crystal structure, forming covalent bonds with four other
silicon atoms, as demonstrated in Figure 1.4. By p-doping a semiconductor, the lack
of an additional electron to form an electron bond pair creates a hole, a gap state
due to the absence of an electron. By n-doping the semiconductor the excess electron
introduced from the dopant atom is promoted into the conduction band. De-localised
electrons introduced by n-doped will typically occupy the conduction band, as such
semiconductors will display an increased ability to conduct an electrical current with
increased n-doping. Typically the concentration of both forms of doping is in the parts
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per million (ppm) range, although in highly n-doped semiconductors the increase in
de-localised electrons may cause the semiconductor to begin to behave similarly to a
metal, known as degenerate doping.
1.2.4 The p-n Junction Solar Cell
The semiconductor p-n junction could be described as one of the most important
discoveries of the 20th century, giving rise to solid state transistors used in micro-
processors. The invention of the transistor by Bell Laboratories in 1947 allowed the
rapid reduction in size of computers of the day, as well as an increase in performance.
The simplest p-n junction is a stacking of a p-type semiconductor and an n-type semi-
conductor that have been brought into contact to form a junction. This junction is
not formed by physically placing one on top of the other, but by methods such as
diffusion in crystalline silicon or using thin film deposition methods such as sputter-
ing or evaporation to form one layer on top of another. When the junction is formed
between p-doped and n-doped semiconductors a depletion zone will form, shown in
Figure 1.5.
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Figure 1.5: A picture of the formation of a depletion region in a p-n junction.
The absorption of a photon with energy greater than the band gap, by the p-n
junction will provide an electron enough energy to occupy a state in the conduction
band. Whilst the electron becomes mobile it leaves in its place an electron hole, a
carrier that represents the lack of electron in a given space. Free carrier electrons
from the n-doped region will diffuse into the p-doped region; the same is true of holes
from the p- to n- region. This deficiency of electrons in the n-region and deficiency of
holes in the p-region lead to the generation of positive and negative ions. This region
of ions at the junction interface forms the depletion zone and gives the junction a
built in potential, paramount to the functionality of the p-n junction. Eventually the
diffusion process becomes suppressed due to the electric field effect generated by this
depletion region, which stops further generation of ions and establishes an equilibrium
for the junction.
It is possible to calculate the efficiency at which conversion of photons to electrons
within the solar cell takes place. This is known as the energy conversion efficiency, η,
and is an important benchmark measurement when judging solar cell performance.
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Once an electron-hole pair is generated following the absorption of a relevant photon,
they are separated by the built in charge of the p-n junction. Failure to do this
results in decay of the excited electron leading to recombination of the electron-hole
pair causing a loss in potential current and therefore a lower efficiency.
p-type n-type
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Figure 1.6: Band energy diagram of a p-n homojunction.
The basic operation of a homo-junction p-n junction is described in Figure 1.6 in
relation to the semiconductor energy bands. Electrons in the p-type semiconductor
are promoted from the valence band, Ev, to the conduction band, Ec, through the
absorption of a photon. The energy of the photon must have energy equal to or greater
than the band-gap, Eg, to create an electron-hole pair. The electron-hole pair are
separated by the built in potential from the n-type semiconductors lower conduction
band energy level and leaves the p-n junction through a closed circuit. The electrons
once in the n-type semiconductor conduction band will eventually recombine with
holes in the valence band. The device voltage under illumination and open circuit
is referred to as the open circuit voltage, Voc, and is determined by the difference
between the Fermi energy of each doped semiconductor.
1.2.5 Solar Cell Performance and the Shockley-Queisser limit
Solar Cell Performance
Dependent upon the band-gap of an absorber material, different parts of the solar
spectrum are absorbed. Not all semiconducting materials have identical band-gaps
and these values can be altered by several factors, such as the doping concentration
or changes in the material crystalline structure. The photon energy required for an
electron to be promoted to the conduction band (typically referred to as the band-gap)
is directly related to the wavelength of light:
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E (eV ) =
hc
λ
=
1239.8 nm
λ
(1.3)
On absorption of a photon with energy equal to or greater than the band-gap,
an electron-hole pair are created and separated by the built in charge of the p-n
junction. Photons with an energy above the band-gap are still absorbed, creating an
electron-hole pair, but any excess energy is lost through thermal emission.
The Shockley-Queisser Limit
As seen previously in Figure 1.1 the spectral irradiance the Earth receives is not evenly
distributed. As a result not all absorbing materials used in PV devices are considered
to be optimal, as their band-gap does not match the peak spectral irradiance based on
a blackbody emitter at 5800 K. It has been calculated that the maximum theoretical
efficiency achievable, often termed the Shockley-Queisser limit, is 30 % from a material
with a band-gap of 1.1 eV when matched to a blackbody of 6000 K [7]. Substitution
of the blackbody radiation with the AM 1.5G spectrum later found that the ideal
band-gap would be 1.4 eV [8].
Silicon solar cells, which hold an efficiency record of 25.0 %, have benefited from
over 40 years of intensive research [9]. However the first certified efficiency of ca.
13 % was recorded in 1977, with the now highest efficiency of 25.0 % reached in
1998 [10]. Silicon solar cells are currently dominating the PV market for commercial
and domestic installations and research is continuing to boost its efficiency close to
this theoretical limit. Alternatively GaAs cells have also been produced capable of
reaching an efficiency of 28.8 %, setting the efficiency for a single junction solar cell
[9].
As we approach higher efficiencies close to the theoretical maximum limit it be-
comes more difficult to engineer performance increases. A combination of one or more
p-n junction absorbers to form a multi-junction solar cell is a viable alternative to
increase the efficiency of a solar cell above the single junction theoretical limit. This
idea focuses on using absorbers which absorb different portions of the solar spectrum,
to increase the voltage or current of the device, depending on whether it is config-
ured in series or parallel. The theoretical use of 36 energy gap cells will produce a
maximum efficiency device of 72 % [8]. Combining multiple band-gap cells to form a
single device has been applied successfully in InGaP/GaAs/InGaAs cells, which have
reached a record efficiency of 38.8 % which surpasses the limit for a single junction
device and is consequently the most efficient PV device to date [9].
1.3 The Evolution of Photovoltaic Devices
There are several different materials which exhibit photovoltaic properties and as a
result, several different technologies exist based on these various absorber materials
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and their many architectures. Each absorber not only has advantages based on its
absorption characteristics, but also from its complexity and cost to produce. The
National Renewable Energy Laboratory in the U.S.A. produces a frequently updated
chart, logging the record efficiencies for each type of main solar cell technology. This
chart is reproduced in Figure 1.7 [11].
Crystalline Solar Cells
The potential of solar power was realised in the mid 20th century with cells based
on mono-crystalline silicon. The unique behaviour of p-n junctions meant that a
significant amount of development on the p-n junction focused on developing the first
transistor, prior to the energy crisis of the 1970s. As the semiconductor industry
began to grow in the second half of the century, knowledge gained was applicable to
improving the performance of silicon PV. These improvements eventually led to solar
cells being fitted to a man-made satellite over the use of a battery, a practice which
is now commonplace [12]. The first generation of solar cells were typically crystalline
in nature, such as GaAs and c-Si. The approach with these devices has been to
develop high efficiency, large area (in modules), (mono) crystalline (c-Si) devices that
can operate as close to the theoretical maximum efficiency as can be economically
manufactured. This approach has led to the fabrication of a silicon cell with an
efficiency of 25.0 %, the highest of any single junction silicon device [13].
Silicon has a band gap of approximately 1.1 eV and also has an indirect band
gap, leading to photons penetrating further into the absorber layer before being ab-
sorbed [14]. Gallium Arsenide (GaAs) was a strong competitor to c-Si cells due to its
wider direct band gap, offering efficiencies of up to 20 % even in the 1970s [15]. In
recent years GaAs cells have found inclusion in high performance solar cells used in
space due to their resistance to radiation damage [16]. Despite the higher efficiencies
demonstrated by GaAs over c-Si a lack of abundant precursors, perceived toxicity due
to the use of arsenic, and an inferior manufacturing infrastructure has led to Si based
technologies being the dominant technology in the solar energy market [17]. With
some 40 years of research into silicon cells, it is often considered that all that can be
improved has been, thus leading to a drive to reduce the high production costs to be-
come more competitive with wholesale energy. Major cost decreases can be attributed
to the development of alternative silicon growth techniques such as poly-crystalline
[18] and quasi-mono crystalline [19]. Though this cost reduction can in turn reduce
purity of the silicon resulting in a reduced performance.
10
CHAPTER 1. INTRODUCTION
Figure 1.7: The National Renewable Energy Laboratory in the USA regularly updates
this chart with advances in efficiency of solar cell technologies [11]
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Thin-film technologies
Thin film cell designs only require a solar absorber to be a few microns thick, greatly
reducing the amount of material required for production. The reduction in materials
required has led to thin film devices (particularly Cu(In,Ga)Se2 and CdTe) to be lower
in cost than Si devices. Thin film technologies include cadmium telluride (CdTe) [20];
Cu(In,Ga)Se2 (copper indium gallium sulfide/selenide) [21]; (Cu,In)S/Se2 (copper
indium sulfide/selenide) [22]; Cu2S/CdS (copper sulfide/cadmium sulfide) [23]; and
amorphous silicon (a-Si) [24]. CIGS currently offers the best efficiency (21.7 %) of all
thin-film absorbers, close to multi-crystalline-Si and just short of mono-crystalline-Si
[25]. Thin film devices are still based on the same p-n junction design, but employ
different manufacturing methods to silicon. Magnetron sputtering and chemical evap-
oration deposition (CVD) were two already existent widespread, robust processes in
industry that were used in the manufacture of thin film cells. Despite the reduction
in material usage sputtering and CVD have drawn criticism due to a relatively high
material waste (30-50 %).The use of rare earth metals in these technologies (indium,
gallium and tellurium) has often questioned whether supply will ever be able to sus-
tain demand. Companies such as First Solar, a manufacturer of CdTe cells, recycle
their cells at the end of life [26]. This ensures a constant supply of cadmium and
tellurium for new cells, whilst making sure these toxic materials are not simply land
filled. First Solar have set up two of these recycling plants at each of their global
manufacturing sites, with capital set aside to fund this project, with the capability
to recycle approximately 95 % of semiconductor materials. The registration policy of
First Solar regarding any new module sold will help track the supply of potential new
modules once at end of life, as First Solar are a significant producer of thin-film PV
(another large producer being Hangery, who manufacture Cu(In,Ga)Se2 modules) this
is vital to maintaining their supply source in the future if indeed cadmium and tel-
lurium supplies begin to dwindle. In the last few years interest has been turned toward
the thin film I2-II-IV-VI4 quaternary compound semiconductor CZTS (Cu2ZnSnS4),
containing relatively abundant precursor materials with low toxicity [27].
Multi-junction cells
Multi-junction solar cells attempt to utilize the majority of the solar spectrum by
using multiple band-gap absorbers, typically in a monolithic architecture. By using
multiple varying band gap absorbers in a multiple junction device, the maximum
efficiency is no longer limited to 31 % by the Shockley-Queisser limit. Several tandem
cells have been created, of which the highest recorded efficiency of 38.8 % belongs
to the stacked 5J GaAs/InP device [28]. These high performance devices require the
intricate deposition of several layers, the addition of additional steps in any industrial
process introduces a higher probability of errors. This makes high performance devices
expensive and not in a position to challenge the PV market. The ability to generate
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a higher voltage and current does, however, place them into a more niche market.
Space stations, satellites and probes can make use of these devices when the need
for a reliable long-term, relatively light and compact power source warrants the high
cost.
In order to make triple junction cells more cost effective relative to their single
junction counterparts, concentrators have been used to increase their performance
through the use of optic lenses. This relationship can be interpreted from the Shockley
Diode law, where increasing the illumination power will lead to a higher short circuit
current density [29]. Under 364 Suns intensity a triple junction solar cell has reached
an impressive efficiency of 44.4 %, over one and a half times more efficient than a
crystalline silicon cell [30]. Low cost tandem devices have also been reported, using
low cost photo-absorbers in an attempt to bring down the price, whilst delivering
a higher performance over their single junction counterparts [31]. These low cost
devices are directly relevant to this project and are discussed in more detail in the
next chapter.
Emerging PV technologies
A new series of technologies based on organic and excitonic solar cells, has seen a
growing number of publications in the last decade. The more famous of these excitonic
devices being the Dye-sensitised Solar Cell (DSC); the culmination of improvements to
photo electrochemical cells previously using flat semiconductor surfaces [32]. Typically
the accepted benchmark for reproducible cells is set at an efficiency of 10 % [33],
with emerging research cells beginning to deliver efficiencies between 11-13 % [34].
The main focus of excitonic cells has so far been to deliver a working cell with as
low a production cost as possible with an efficiency close to 10 %. Exploitation of
fabrication techniques requiring a low start up capital, use of abundant low-toxicity
materials which are already supplied in industrial manufacturing and simple to use
techniques has seen the field of DSCs grow at an incredible rate [35]. Other excitonic
cells such as quantum dots (QDs) and organic PV (OPV) have seen less attention due
to their lower efficiencies compared to DSCs.
More recently there has been a surge in research towards perovskite solar cells.
These devices were first based on the DSC architecture, using a perovskite organic-
inorganic metal halide as the sensitiser [36]. These initial devices, whilst not compara-
ble in performance to champion DSCs, were superior in performance to other QD and
inorganic sensitisers. A breakthrough in replacing the TiO2 layer with Al2O3 and the
hole conducting electrolyte with the solid state spiro-OMeTAD, led to devices with
over 10 % [37]. The considerable amount of research into DSCs and infrastructure has
enabled this technology to rapidy approach effiencies beyond 20 %, in a short space
of time that no other PV technology has witnessed.
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1.4 Scope of Thesis
Multi-junction solar cells have already demonstrated their ability to deliver superior
performance over their single junction counterparts. With this increased performance
also comes an increased cost, leaving them only to be used in niche applications. It
may be possible through the use of multiple low-cost emerging PV technologies in a
multi-junction device, to produce a device capable of competing with the dominating
silicon solar cell at a lower cost.
Figure 1.8: A schematic cross section of the monolithic DSC/Cu(In,Ga)Se2 tandem
solar cell described and fabricated in this thesis.
This thesis explores the combination of a dye-sensitised solar cell (DSC) and
Cu(In,Ga)Se2 solar cell (CIGS) in a tandem, monolithic design, a schematic of which
can be seen in Figure 1.8. This monolithic design is an attempt to remove superflu-
ous material from the physically stacked tandem, ultimately reducing the cost and
increasing the performance. Chapter 4 elaborates on the materials needed to pro-
duce transparent contacts needed on the top of each absorber layer, to collect current
generated by the device. It is split into two parts, the first on the high mobility
transparent conducting oxide (HMTCO), titanium-doped indium oxide (ITiO). The
second part focuses on the developments of the amorphous TCO, zinc oxide-doped
indium oxide (IZO) which can be deposited at low temperatures whilst delivering
comparable performance to TCOs used in mainstream solar cells. Chapter 5 inves-
tigates the monolithic design of the DSC/CIGS tandem cell and the importance of
the cell architecture on performance when measuring under cell testing conditions.
In order to accurately measure a solar cell, the area of the device must be accurately
known, which can be difficult with a DSC. As a result the device is masked, but in
a tandem cell this can affect the performance of the second cell, leading to overall
current and voltage loss. The issues with corrosion in this type of tandem cell are also
investigated in chapter 6 in an attempt to reduce the time taken to render the solar
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cell inert due to the corrosive electrolyte used in the DSC. Apart from chapters 4 to 6
which represent the hands on experimental studies, chapter 7 provides the analysis of
the DSC/CIGS tandem solar cell stack for the first time to analyse the overall impact
on the device with the variation of different layers used in the tandem stack.
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LOW COST ABSORBERS FOR
USE IN TANDEM SOLAR CELLS
2.1 Introduction
Multi-junction solar cells offer an opportunity to harvest and utilise more sunlight act-
ing upon a fixed area, ultimately improving the efficiency of the overall device. They
have seen a particular niche in powering extra-terrestrial satellites, where the weight
and space requirements for a rockets launch need to be minimised. A satellite such
as the International Space Station requires a stable and reliable power source capable
of supplying a large power load for the extensive laboratories on board. The type of
solar cell used in these applications, InGaP/GaAs/InGaAs, represents the pinnacle of
solar cell efficiency but is reflected in their cost. With the best efficiency often comes
the highest cost, resulting in a strong limitation for both large scale commercial and
residential deployment. As a result InGaP/GaAs/InGaAs devices look to only fulfil
niche applications where money isn’t a problem, but power generation in a small area
is. The cost of these multi-junction devices is primarily derived from the complicated
fabrication process used, where several different layers (up to 20) are deposited by
vacuum processes. An example of a resultant device can be seen in Figure 2.1 [38].
The efficiency limitation of a solar cell to only capture a range of visible light due to
the band-gap of the absorber can be overcome through the use of a multiple absorber
layer device, with each absorber band-gap chosen to absorb different ranges of the vis-
ible spectrum. Parallel to the high efficiency InGaP/GaAs/InGaAs solar cells, many
devices have been presented using two absorber layers to boost performance, using
absorbers that on their own are not considered suitable for industrial application.
It has been shown that the combination of two cheaper established technologies
into a tandem configured device is able to challenge the efficiencies set by single
junction devices [31]. This particular device was comprised of two separate absorber
materials, a dye-sensitised solar cell (DSC) and Cu(In,Ga)Se2 (CIGS) solar cell. Each
cell absorbs separate parts of the spectrum, the DSC - blue and CIGS - red/near-IR.
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ABSTRACT
Next-generation solar cell approaches such as
AlGaInP/GaAs/GaInNAs/Ge 4-junction cells, lattice-
mismatched GaInP/GaInAs/Ge, concentrator cells, and
improved 3-junction device structures hold the promise of
greater efficiency than even today's highly successful
multijunction cells. Wide-bandgap tunnel junctions,
improved heterointerfaces, and other device structure
improvements have recently resulted in several record-
efficiency GaInP/GaAs/Ge cell results.  Triple-junction (3J)
cells grown in this work have demonstrated 29.3%
efficiency for space (AM0, 1 sun).  Space concentrator 3J
cells have efficiency up to 30.0% at low concentration
(AM0, 7.6 suns), and terrestrial concentrator cells grown at
Spectrolab and processed at NREL have reached 32.3%
(AM1.5D, 440 suns).
INTRODUCTION
Monolithic, multijunction III-V solar cells, such as
GaInP/GaAs/Ge triple-junction (3J) cells, have given the
highest conversion efficiencies of any two-terminal
photovoltaic device to date[1-4].  Although quite robust,
these are intricate devices, with approximately 20 active
semiconductor layers that interact with one another
optically, electrically, and via defect diffusion during
growth.  As high as these efficiencies are, improvements
to the device structures shown in Fig. 1 are resulting in still
higher efficiencies.  Under the space solar spectrum,
triple-junction cells grown and fabricated at Spectrolab
have demonstrated a record 29.3% efficiency (AM0,
0.1353 W/cm2, 28°C).  Under the concentrator terrestrial
spectrum, GaInP/GaAs/Ge triple-junction devices grown at
Spectrolab, and metallized and measured at NREL, have
a record efficiency of 32.3% (AM1.5D, 44 W/cm2, 25°C)
[4,5].  This paper discusses the device structures that
have led to these record-efficiency cells, such as tunnel
junctions composed of wide-bandgap semiconductors,
and next-generation cell structures that hold the potential
for further efficiency increases.  These structures include
AlGaInP/GaAs/GaInNAs/Ge 4-junction cells[6-9], lattice-
mismatched GaInP/GaInAs multijunction cells[10-12], and
concentrator solar cells for space[4,13].  The 'flat cell'
design has also been developed, with a monolithically
integrated bypass diode to markedly simplify packaging,
and maintain a uniform thickness across the entire area of
the 140-µm (5.5-mil) thick cell[14].
APPROACH
A cross-section of the epitaxial layers that make up
the device structure of a Spectrolab GaInP/GaAs/Ge
triple-junction solar cell is shown in Fig. 1. The high-
efficiency one-sun and concentrator results above benefit
from improvements to the cell structures indicated.  For
example, the top cell window/emitter resistance was
decreased while maintaining high blue response;  better
control over the group-III sublattice ordering and bandgap
in the GaInP top cell was achieved, which is critical for
current matching;  the middle cell window/emitter interface
was optimized to reduce recombination and increase Voc ,
as was the middle cell base/BSF interface;  current
collection was improved by optimizing the thickness of the
middle cell;  and recombination in the Ge bottom cell was
reduced by passivating and thinning the Ge emitter.   Key
improvements came from use of wide-bandgap layers in
the tunnel junction connecting top and middle cells[15,16],
to minimize absorption in these heavily-doped layers with
poor minority-carrier lifetime, and from improved crystal
structure in the active cell layers.
Fig. 1.  Cross-section of epitaxial layers in the 3J solar
cell,showing improved regions to reach higher efficiencies.
EXPERIMENTAL RESULTS
The crystallinity and morphology is strongly influenced
by nucleation conditions and interface control, and was
found to be correlated to the cell Voc .  For single-junction
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Figure 2.1: A visual description of each layer in the InGaP/GaAs/InGaAs III-V
multijunction stack. Reproduced from [38].
The CIGS absorber layer used in this tandem device was produced using a vacuum
process with a lower efficiency than that which is now currently achievable with the
same process. Typically vacuum processes (sputtering, evaporation, closed space
sublimation etc.) are able to produce an absorber layer of a superior quality than
non-vacuum techniques (spray pyrolysis, inkjet printing, electro-deposition etc.) for
use in solar cells. Since the publication of the seminal paper on the DSC/CIGS tandem
cell, it is possible to deposit the CIGS layer through the use of non-vacuum methods
to the same efficiency. This could potentially reduce the cost of making devices with
a potential 15 % efficiency. In addition, the recent advances in excitonic solar cells
and the increasing efficiency of non-vacuum deposited CIGS could in theory deliver
cells with efficiencies over 20 %.
Optimising the optical and electrical parameters of both absorber layers is an im-
portant consideration to improve the efficiency of this tandem solar cell. For example,
high efficiency DSCs require a scattering layer in order to enhance absorption in the
near-IR. This layer must be removed for use in a tandem device, but causes a reduc-
tion in current and therefore performance for the tandem configured device. Other
optical losses may occur in the device, such as the choice of transparent conducting
oxide (TCO); typically the fluorine-doped tin oxide used in DSCs absorbs in the near-
IR and as a result would reduce the performance of the CIGS absorber in a tandem
device. This chapter describes the absorber layers in detail, to understand how they
must be modified for use in a low cost tandem solar cell.
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2.2 The Dye-Sensitised Solar Cell
The dye-sensitised solar cell (or DSC) is a photo-electrochemical cell able to achieve
efficiencies over 10%, whilst being comprised of abundant materials. The DSC is dif-
ferent from most typical photovoltaic devices in that it is not a p-n junction. The
main difference is that in a DSC the electron-hole pair is generated from a photosen-
sitive dye, which is then injected into an n-type mesoporous scaffold, deposited on the
transparent conducting oxide (TCO) front contact. In 1991 O’Regan and Gra¨tzelp-
resented a breakthrough in photo-electrochemical cells, which were able to achieve a
much higher efficiency of 7% compared to 1% of other photo-electrochemical cells of
the time [32].
E
TiO2 Dye ElectrolyteTCO TCO
Load
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e-
e-
e-
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Figure 2.2: A simplified electron energy level schematic describing the conversion of
photons to electrical energy in a dye-sensitised solar cell. Adapted from [32].
The process in which the DSC converts light to electrical energy can be seen in
Figure 2.2. A summary of the stages involves are as follows: A mesoporous wide band
gap semiconductor (commonly TiO2) is deposited onto a TCO, and then sensitised
by a molecular dye with a broad absorption and high molar extinction coefficient.
The dye will absorb photons over a wavelength unique to the dye used (1), promoting
an electron from the Highest Occupied Molecular Orbital (HOMO) to the Lowest
Unoccupied Molecular Orbital (LUMO); the excited electron is then injected into
the semiconductor layer (2). These photo-generated electrons then leave the cell
through a TCO, perform work in a circuit and return in a completed circuit to the
counter electrode (3). A hole conducting redox electrolyte lies between the working
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electrode and counter electrode, electrons flow from the counter electrode through the
electrolyte (4) back to the oxidised dye in order to regenerate it (5).
Dye-sensitized 
Nano-structured 
TiO2  
I-/I3
- Liquid 
electrolyte 
Glass 
Glass 
Polymer 
gasket 
Transparent 
Conducting 
Oxide 
Fill-port for 
electrolyte 
Pt layer 
Figure 2.3: A schematic cross section of a typical dye-sensitised solar cell.
2.2.1 Fabrication and Performance
The popularity of research into dye-sensitised solar cells can, in part, be attributed
to their relative simplicity of fabrication. Using well established hands on techniques
such as doctor blading and screen printing, devices can potentially be made in a
matter of hours. The ultimate advantage of these techniques though is the ability to
scale up to a commercial sized output, without requiring as large a capital investment
as other technologies such as silicon and Cu(In,Ga)Se2.
The performance of the DSC can be altered by many parameters but it is par-
ticularly reliant upon the quality of the mesoporous TiO2 layer. In this instance the
quality refers to the ability of the TiO2 to exhibit desired electron transport and
low recombination rates, which are affected by the presence of trap states in the
TiO2 bandgap [39]. Transport of electrons to the front contact, injected from the
photo-sensitising dye, occurs through the mesoporous TiO2 by trapping and detrap-
ping of the injected electrons [40]. More TiO2 trap states will increase the time taken
for injected electrons to reach the anode for collection, thus decreasing the perfor-
mance of the device. Debate still rises on the nature of these trap states and the
precise relevance of the TiO2 structure on their prevalence [35]. However despite
these trap states and their relationship with the semiconductor and the DSC perfor-
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mance, there are other performance limiting factors that can arise from changes in
the semiconductor structure.
The thickness of the TiO2 layer directly affects the amount of current collected
from the DSC. Up to a limit, increasing the TiO2 thickness decreases the resistance
of electron transport in the TiO2/dye/electrolyte interface. As a result this increases
the electron lifetime and the efficiency of a DSC. Increasing the thickness past the
considered optimum thickness of 20 µm begins to decrease the performance by an
enhanced recombination effect [41].
Currently the highest certified efficiency for a DSC is 11.9 %, which uses a highly
optimised dye and electrolyte [9],[42]. Whilst this is a strong achievement for these
cells, record breaking cells are typically hand picked to deliver a high efficiency for
certification. Being able to replicate the fabrication of research scale DSCs with an
efficiency of 10 %, is considered to be a benchmark amongst researchers in the field.
Through the use of several well researched and understood materials this should be
possible for most laboratories, although the use of a screen printer to deposit the
TiO2 layer gives better control of the thickness rather than doctor-blading [33].
Like most PV devices the DSC is characterised using a solar simulator with a spec-
trum closely matched to AM1.5G. Whilst the precise nature of the measurements of
PV devices are covered in the next chapter it is important to mention the importance
of masking DSCs whilst measured in a solar simulator. The active area of a solar
cell is an important variable when calculating the efficiency of a solar cell. Most thin
film technologies have this area defined using a machine that mechanically scribes
the absorber layers in order to electronically isolate each individual cell. This process
also accurately defines the cell area, which may then be used to ascertain the cell
efficiency. The active area of a DSC is defined by the area of the screen printer mesh
or by the spacers used in doctor blading, of which neither is an accurate indication
of the area, as the paste is prone to relaxing and spreading out during fabrication.
This means that it is possible to either over or underestimate the actual area of the
absorber layer, leading to inaccurate efficiency calculations. Reflective enhancements
are also expected dependant upon the thickness of the glass used in the device. To
eliminate inaccuracy from measurements, a blackened metal mask is applied to the
top of the device, with an aperture of a predetermined size. The device is also masked
using tape around all sides of the device to stop reflective enhancements. A study
on the findings of these inaccuracies and their effects on device performance can be
found elsewhere [43].
2.2.2 Working Electrode
The choice of semiconductor in most DSCs is typically TiO2, as so far this has lead
to devices with the highest efficiency. Other similar semiconducting materials such as
ZnO, SnO2 and Nb2O5 have been explored [35]. TiO2 will be the semiconductor used
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and discussed in this thesis, although a more thorough of these alternatives, ZnO is
better covered elsewhere [44].
In order to produce a high efficiency DSC, the TiO2 layer must have a large
surface area. A larger surface area will increase the amount of dye adsorbed, giving
a much larger photocurrent due to more efficient light absorption. The TiO2 layer
is typically comprised of 3 different layers: a compact layer, a transparent layer and
a light scattering layer. These different layers are each optimised to enhance the
performance of the DSC and are deposited sequentially. The TiO2 working electrode
is commonly deposited on to commercially available Pilkington TEC™. This TEC
glass is soda lime glass with a layer of fluorine-doped tin oxide (FTO) deposited on
top, the sheet resistance of the layer given by the product name (TEC8 is 8 Ω/ and
TEC15 is 15 Ω/). This FTO layer is transparent in the same range as the DSC
once sensitised, the surface is rough which enhances the adhesion of the TiO2 to the
surface, it has a good conductivity and it is chemically and thermally stable.
The first step in fabricating the DSC working electrode is to immerse the sub-
strate into a TiCl4 solution at 70 °C both before and after the application of the
transparent and light scattering TiO2 layers. This step has been shown to increase
the photocurrent collection by 10 - 30 % [45]. The application of the next layer, the
transparent TiO2 layer is carried out either by the deposition of a paste by doctor
blading or screen printing, typically to a thickness of 12 µm. Whilst this paste can be
purchased commercially by companies such as Solaronix or DyeSol, they have a similar
composition to pastes previously reported. The typical composition of a transparent
TiO2 paste contains a colloidal suspension of 10-25 nm anatase TiO2 particles with
a carbon containing binding agent, such as ethylcellulose or polyethylene glycol, this
gives the paste a suitable rheology for both deposition methods [46]. The third and
final layer, the light scattering layer, is applied directly on top of the transparent layer.
This is similar in content to the transparent except the TiO2 particles are much larger
in size, typically around 400 nm. This layer comprised of the larger TiO2 molecules
causes an enhanced absorption of light in the near-infrared, acting as a photon trap-
ping system and demonstrating photovoltaic properties [33]. The substrate is fired
to 450 °C whilst holding at lower temperatures before ramping up. This causes the
burning of the carbon containing binders, initially turning the TiO2 electrode brown,
but finally turns a bright white as the binder is fully decomposed and burnt away.
The absence of the binder material after thermal decomposition helps to form the
porous nano-structured TiO2 layer. The substrate then undergoes the second TiCl4
treatment described previously and is then sintered at 500 °C to leave a high quality
TiO2 working electrode, ready for sensitising by the dye.
Electrodes formed from using these pastes to form the porous nano-structure have
so far delivered the most efficient devices to date, however a series of other TiO2 nano-
structures such as nano-rods [47], nano-wires [48] and nanotubes [49] have been pre-
sented. With these increased knowledge and improved techniques in nanotechnology,
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research groups have attempted to emulate the success of the 1991 nature paper with
the intention of increasing the surface area of the TiO2 working electrode. It has been
postulated that reducing the distance an electron has to travel through the ZnO/TiO2
semiconductor will lead to more efficient charge separation and performance. By pro-
ducing a highly ordered single crystal of TiO2 it is hoped that the electron diffusion
length will be increased, without the loss of the large surface area afforded by a meso-
porous structure. These assemblies are grown directly on the TCO and have a short,
vertical path for current flow. Theoretically once an electron is generated it may
travel directly unhindered to the TCO contact, not through a series of trapping and
detrapping states.
2.2.3 Sensitising Molecules
Several different types of inorganic and organic photo-reactive dyes exist for use in
DSCs, which can in each case, be further categorised. The dye used in the DSC must
be able to absorb a broad range of visible light, in order to maximise the current
density of the device. Some dyes have a very specific and/or narrow absorption
region in visible light and as a result do not perform as well compared to those that
are able to absorb more light. Infra-red absorption is also possible from some dyes,
especially when used with a light scattering TiO2 layer, this can potentially increase
the current density of a DSC even further. Given the maximum thickness limitation
of the semiconductor layer, mentioned earlier, it is vital too that the dye have a
relatively large molar extinction coefficient, ε. This is in relation to the Beer-Lambert
law where A is the Absorption, c is the concentration in mol.dm−3 and l is the path
length.
A = ε cl (2.1)
By maximising this value, it is possible for the dye to more efficiently absorb inci-
dent photons in relation to the available surface area of the absorber layer. Tailoring
of the dye structure by the addition of certain functional groups and chromophores
will influence the molar extinction coefficient and will be explained in more detail later
in this section. The structure is not only important to the function of the dyes ability
to absorb light, but how well the dye adsorbs to the semiconductor layer and how
efficiently it injects electrons generated from the dye into the semiconductor layer.
The use of different functional groups such as H2PO3, -SO3H and -COOH have been
studied in detail, with the carboxyl group -COOH more frequently used due to its
stability, easier synthetic procedure and efficient electron charge injection into the
TiO2[35].
Finally the dye must have very particular electronic properties in order to function
correctly in a solar cell. As seen in previously in Figure 2.2 the energy levels of the
dye must be tailored to both the working electrode and redox couple electrolyte. The
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ground state of the dye (HOMO) must be lower than the energy level of the TiO2
and the excited state (LUMO) above it, such that the electrons produced can be
favourably injected into the semiconductor layer. For regeneration of the oxidised
dye following charge generation and extraction of the electron-hole pair, the dye must
have a more positive redox potential than that of the electrolyte.
Dyes
Inorganic ruthenium complexes are amongst the most common and successful dyes
employed in DSCs. This is somewhat of an oddity due to their relatively low extinction
co-efficient and long term instability when used with a tri-iodide redox electrolyte
(covered later). N719, N3 and Z907, each seen in Figure 2.4, are perhaps the most
common ruthenium dyes, each incorporating NCS thiocyanate ligands [50].
Metal complex dyes (including Ru dyes) rely on the metal to ligand charge transfer
(MLCT) for absorption of visible light photons, where an absorbed photon causes
the transfer of an electron from the metal d orbitals to the ligand pi* orbitals [51].
This excited state electron is then injected into the conduction band of the TiO2
semiconductor. Through modification of the ligands chosen it is possible to modify
the HOMO and LUMO levels of the dye. The ruthenium sensitiser N749 or black
dye demonstrates a wider absorption by the inclusion of an additional thiocyanate
ligand and a tridentate terpyridine ligand [52]. This addition red-shifts the absorption
compared to that of the common N719 and N3 dye by decreasing the energy of the
pi* orbital and increasing the Ru t2g metal orbital. Modifications to the energy levels
of Ru dyes and their effects to device performance have been well documented [51].
Thiocyanate ligands give the dye the benefit of a broad absorption spectrum
through tuning of the dye energy levels, but also react over time with the tri-iodide
electrolyte, rendering the dye inactive [53]. Interesting findings have resulted in an
attempt to stem this reaction, by using the chelate effect to develop new bi-dentate
ligands; these ligands are promising but require more optimisation in order to broaden
their absorption spectra [54].
Other types of dye exist which take advantage of different electron generation
mechanisms. These dye types include porphyrins [34][55], phthalocyanins [56] and
organic dyes [57].
Perovskites (Meso-superstructured solar cells)
Perovskite solar cells have recently changed the direction of research into excitonic
solar cells thanks to a breakthrough in solid state devices. The use of a organometal
halide material with the perovskite structure, ABX3, has led to some rapid advances
in device efficiencies in the last few years. It has been demonstrated as a quantum dot
sensitiser on a TiO2 meso-porous layer, with early devices delivering a thin absorber
layer with a respectable efficiency of 6.5 % due to a larger extinction co-efficient than
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Figure 2.5: The porphyrin based dye, YD2-o-C8, capable of efficiencies over 10 %.
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the N719 dye. These devices bested the champion QD devices, but suffered from
rapid deterioration of the absorber layer as it dissolved into the liquid electrolyte [58].
The realisation that the electron transport properties of the perovskite were, in fact,
superior than TiO2 bought about a change in device architecture and with it, an
efficiency of 10.9 % [37]. The use of an insulting Al2O3 scaffold as opposed to TiO2
ensured that the photo-generated electrons were not injected into the metal oxide
layer, but transported through the perovskite absorber. This change resulted in a Voc
over 1 V and a Jsc similar to that of a high efficiency DSC. With the Al2O3 layer not
contributing to the electron transport or electronic parameters and only acting as a
scaffold, the devices are referred to meso-superstructured solar cells (MSSCs). The
inclusion of a solid state hole conductor, spiro-OMeTAD, due to the low thickness
of the absorber layer (3-4 µm) eliminates the risk of dissolving the absorber layer,
it also solves one of the primary setbacks with DSC research in not having to use a
liquid electrolyte. However in order to stop shunting pathways in the device between
the absorber and Ag back contact, a thick layer of spiro-OMeTAD is used. This
demonstration of a solution processed, solid state device from low-cost precursors has
caused a sharp increase in research undertaken in this field. Currently the world
record for a thin film perovskite has surpassed 20 %.
Of particular interest to tandem solar cells is the inverted cell design, where by
the regular design akin to the DSC is changed such that the perovskite cell may be
incorporated into a tandem design as the top absorber [59]. The EQE of a perovskite
cell has a similar absorption onset as a DSC, but has the advantage of being a solid
state design, which would be much more preferred in a tandem solar cell. With a
similar current also, but a larger voltage it can be expected that a tandem cell designed
with an inverted MSSC/CIGS absorber configuration should yield promising results
despite the absorber overlap.
2.2.4 Hole Conducting Electrolyte
For the DSC to work correctly a hole conducting material must be applied between the
dye-sensitised TiO2 and the counter electrode in order to regenerate the oxidised dye.
This is accomplished through the use of an iodide/tri-iodide redox couple, although
other redox electrolytes have been used such as the cobalt (II/III) electrolyte [60].
The I−/I−3 electrolyte is the most successful electrolyte in terms of frequency of use
in research, due to its simplicity to make, slow recombination and compatibility with
Ru based dyes in high efficiency DSCs. The I−/I−3 mechanism works such that the
electrons from the counter electrode are transferred to regenerate the oxidised dye
by the I− ion, upon which the iodide ion is oxidised to an I−3 ion, which is then
reduced after diffusion to the surface of the platinum coated counter electrode. The
iodide redox couple is typically comprised of elemental iodine and an iodide salt. The
addition of inorganic iodide salts such as LiI or organic imidazolium salts enable the
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enhancement of photocurrent in the device, through enhanced electron separation
and injection, at the cost of the DSC Voc. Specifically with regards to lithium, the
adsorption of Li+ to the TiO2 layer increases the injection efficiency of electrons
into the semiconductor caused by a reduction in energy level of the conduction band
[61]. This reduction of the conduction band level in turn leads to a reduction in the
Fermi level and the Voc, which therefore requires careful optimisation to enhance the
efficiency of the device. Smaller cations such as Li+ have a more pronounced effect in
altering these electronic properties, over larger cations such as Rb+. In tandem with
cation additives, 4-tert-butylpyridine is combined in the electrolyte as it also adsorbs
to the semiconductor to modify the conduction band, increasing the energy of the
TiO2 conduction band, but is able to reduce recombination losses between the TiO2
and I−3 ions. As a result these two additives are used in a complimentary composition
to maintain a sufficient voltage, whilst delivering a slightly larger Jsc due to faster
electron injection times [62]. Finally to improve the photocurrent of the device, to
achieve efficiencies either approaching or surpassing 10 % guanidinium thiocyanate is
added into the electrolyte by impeding surface recombination [63].
In basic laboratory cells the solvent is typically a mixture of valeronitrile and
acetonitrile, where long term stability is not a concern. The solvent must readily
dissolve the electrolyte components, but not the adsorbed dye and have a sufficiently
low viscosity to enable filling of the DSC device with the electrolyte. For long term
stability this electrolyte must be able to resist leaking/evaporation out of the sealed
device and not chemically attack the gasket of the DSC. Due to the volatility of
these solvents a move toward the use of 3-methoxypropionitrile (MPN) was taken,
improving the stability of DSCs under long term illumination [64]. Solidification
of the electrolyte in-situ after filling the DSC was identified as a convenient way
to prevent device leaking. This was accomplished through the use of ionic liquids,
comprised of imadazolium salts such as 1-propyl-3-methylimidazolium iodide (PMII).
Despite their relatively high viscosity to organic solvents, they are able to be used in
DSCs and do not suffer the mass transport issues believed to occur in high viscosity
electrolytes, due to the increased diffusion coefficient of the tri-iodide ions [65]. The
use of eutectic melts comprised of high melting point imidazolium salts was employed
to deliver a solvent free electrolyte with a high conductivity. This demonstrated that
the mixture of normally solid imidazolium salts at room temperature in a mixture
would demonstrate a higher conductivity than pure PMII whilst having a melting
point below 0 °C, enabling filling of a DSC. The increase in conductivity was attributed
to the enhanced fluidity, increased ion concentration and smaller cation sizes in the
melt whilst delivering a respectable DSC efficiency of 8.2 % [66].
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Solid state hole conductors
As has been highlighted liquid electrolyte DSCs deliver the highest device efficiencies
when compared to quasi-solid state DSCs, such as the eutectic melt electrolytes. De-
spite the low cost of DSCs and the vast improvements in increasing the stability of the
dye/TiO2 component, the stability of the electrolyte with regards to sealing is still a
concern prohibiting large scale commercial deployment. Solid state hole conducting
polymers, such as spiro-OMeTAD, may be employed to replace the traditional liquid
electrolyte, however initial devices suffered from lower efficiencies (<1 %) when com-
pared to the liquid or quasi-solid state DSCs [67]. Identification of the low efficiencies
due to interfacial charge recombination losses between the TiO2 and hole conductor,
led to the addition of additives similar to the liquid electrolyte, to reduce these losses
and significantly boost the efficiency (2.5 %) [68]. The main impedance to higher
solid-state device efficiencies is the thickness limitation of the TiO2 layer and the in-
ability to use light scattering layers for the dyes. The thickness is restricted due to
the need to effectively fill the pores with the hole conductor, as it is typically spin
coated onto the TiO2/dye stack. Unfortunately the ruthenium based dyes used most
commonly in liquid based DSCs have a relatively low molar extinction co-efficient and
are not well suited in thin layers, only reaching a maximum efficiency of 5.1 % in solid
state DSCs [69].
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Figure 2.6: A coumarin based dye, NKX-2677, able to demonstrate a high efficiency
of 6 % in a solid state DSC [57].
Theoretically an increase in molar extinction co-efficient would lead to a greater
absorption of photons in a more compact layer, such as those used for solid-state
DSCs. As a results a series of dyes were employed which demonstrated this trait,
with a value several times higher than Ru based dyes, such as coumarin which can be
seen in Figure 2.6 [57]. Not only are these dyes able to surpass the efficiency of Ru
based solid-state DSCs, they are cheaper to produce due to the absence of expensive
metals needed for the MLCT process. These dyes may be an attractive inclusion into
a tandem device due to their thin layers, which would potentially increase light to a
bottom absorber.
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2.3 Cu(In,Ga)Se2 Solar Cells
Copper indium gallium diselenide, Cu(In,Ga)Se2 (or CIGS) solar cells currently offer
the highest performance of all thin film technologies, with a record efficiency close to
22 %. They are an ideal co-absorber with DSCs due to their absorption of light in the
red to near-infrared range. Similarly to DSCs the properties of the CIGS absorber
can be modified to better suit operation in a tandem device.
It was predicted that CIGS devices would eventually out-compete c-Si in the PV
market, but uncertainties concerning the world’s indium supply can present a prob-
lem when increasing the manufacturing output of CIGS panels. Indium mining does
not occur directly and is processed as a by product of zinc mining, essentially bind-
ing indium supply with the demand of zinc. The opto-electronic industry consumes
nearly five times the amount of indium than the PV sector, wasting almost 80% of
indium in the coating of glass when making TCO contacts [70]. With the sharp price
increase of indium to over $1000/kg in 2006 from $400/kg in 2004, the opto-electronic
industry moved to increase their supply by recycling indium from end of life products
[70]. It has been predicted that assuming the manufacture of 19% efficient CIGS
panels using the remainder of the worlds indium supply, that CIGS would only be
able to provide 0.02 TWy of power [71]. This is compared to the silver shortage of
silicon cells, however they would be able to contribute 2.5 TWy of power from known
reserves; whist it would also be possible to develop new electrodes using more abun-
dant resources. This would not be the case in CIGS absorbers as indium is a key
material in the absorber layer and may not simply be replaced. Future exploitation
of indium sources in the United States and Australia hope to alleviate the current
pricing of current indium sources. It would appear that any manufacturer of CIGS
would be wise to attempt recycling of end of life products, similar to First Solar and
the opto-electronic industry.
2.3.1 Device Materials, Architecture and Performance
Cu(In,Ga)Se2 is a quaternary I-III-VI chalcogenide based p-type semiconductor mate-
rial with the chalcopyrite crystal structure (ABC2), similar to the ternary chalcopyrite
semiconductor CuIn(S,Se2) (CIS). Through the substitution of indium atoms for gal-
lium atoms it is possible to adjust the band gap from 1.0 eV for CuInSe2 to 1.7 eV for
CuGaSe2. To achieve an ideal band gap of 1.4 eV, the adjustment of the composition
to give Cu(In0.7, Ga0.3)Se2 has found to be successful [21].
This increase in band gap gives a higher Voc and fill factor, leading to an overall
more efficient device. Significant research into CIS solar cells prior to the common
incorporation of gallium led to a comprehensive understanding of the phase chemistry
of the Cu-In-Se system. The formation of the desired α-chalcopyrite CIS structure is
somewhat of a challenge, with the ability to form many different phases from precursor
compounds, seen in Figure 2.7 [72].
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Figure 2.7: Cu-In-Se phase diagram depicting the possible phases from Cu, In and Se
precursors. The desired α-phase is formed when indium and copper concentrations
approach equivalence, given the correct temperature [72].
Modification of the CIS structure through the introduction of gallium to form
CIGS serves to increase the performance of the absorber layer. Gallium incorporation
also widens the α range in the Cu-In-Se phase diagram. This combined with doping
of the CIS/CIGS layer with sodium, proved to also reduce the exsolution of the β
phase for the conditions used to form absorber layers [73]. More importantly, relevant
to tandem solar cells, it is possible to tune the absorption profile of the CIGS layer
through alteration of the Ga concentration. An increased gallium concentration serves
to reduce current whilst increasing Voc [74]. This is of particular importance to tandem
cells when considering current matching in the overall device. When a tandem solar
cell is in a series configuration the absorber layers must be current matched, meaning
they must have a similar photo-current. Although the current of the device is limited
to the performance of the absorber with the worst current other issues may occur,
such as excess heat generation, from current mismatching in a tandem solar cell.
Sodium doping the CIGS absorber can increase the conductivity by an order of
magnitude and is a process implemented in all high efficiency CIGS devices [75]. The
Na source has typically originated from the substrate used for the solar cell. Substrates
such as soda-lime glass can provide a sufficient dopant concentration of 0.1 at% for
an improvement in conductivity. If a Na source is present during the growth of the
CIGS layer, the grain size is reduced relative to no sodium being present [76]. A
reduction in grain size in theory reduces the performance in solar cells, as the grain
boundaries become more frequent with a larger surface area. Whilst this is the case
in nearly all crystalline solar cells, the improvement in electrical parameters from
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the sodium incorporation makes up for the reduction in performance for the reduced
grain size. The use of a post deposition treatment to incorporate Na into the film
following deposition of the CIGS layer showed a reduced Na incorporation into the
CIGS layer, compared to the diffusion from soda-lime glass. More importantly it was
found that a post treatment to incorporate sodium into the film did not reduce the
size of the grains in the absorber layer [77]. This is particularly useful when it is
necessary to deposit devices onto substrates that do not contain sodium, such as the
plastic substrates used for flexible solar cells.
The CIGS Solar Cell
Soda-lime glass 
Molybdenum ~ 1 μm 
CIGS ~ 2-3 μm 
CdS ~ 50 nm 
iZnO ~ 100 nm 
AZO ~ 150-200 nm 
Figure 2.8: A collapsed view of the materials used and their typical thicknesses in a
common CIGS solar cell.
The most typical configuration of a CIGS solar cell is that of a substrate and can
be seen in Figure 2.8 and begins with the deposition of molybdenum as a back contact
material onto soda-lime glass. Mo has a high stress on its crystal structure and has
poor adhesion and as a result can de-laminate fairly easily from the substrate. To
combat this poor adhesion a bi-layer of Mo is deposited, comprising of a first layer
deposited at a higher working pressure and a second deposited at a lower pressure.
Investigations into using Ag, Au, Cu, Mo and Pt have been conducted, concluding
Mo to offer better stability at the temperatures used in CIGS processing steps. In
addition it has been shown that the formation of MoSex between the CIGS and Mo
films enhances the electrical contact for holes and reduces electron recombination
[78][79]. Next the CIGS photo-absorber is deposited, typically to a thickness of 2-3
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microns. Many different methods exist to deposit the CIGS layer, which shall be
summarised in more detail later. These methods mostly focus on forming a CuInGa
precursor layer, with the most efficient devices using a 3 stage co-evaporation process.
This precursor layer is then selenised in a nitrogen diluted Se vapour at low pressure,
this process forms the quaternary CIGS layer. Once the CIGS film has been formed, a
layer of n-type CdS is applied as a buffer layer by chemical bath deposition. This buffer
protects the CIGS layer from chemical reactions, optimises band alignment and forms
a depletion layer wide enough to minimize tunnelling. The band gap of CdS is 2.42 eV
and although it is wide enough to ensure efficient transmission of photons to the CIGS
layer, some losses are expected from a slight overlap of absorption spectra. Finally
an intrinsic layer of zinc oxide and aluminium-doped zinc oxide are RF sputtered to
finalise the p-n junction and act as the front contact.
2.3.2 Vacuum Deposition Methods
Currently the deposition of CIGS absorber layers by vacuum techniques has delivered
the highest efficiency devices [13]. Fabrication of the highest efficiency CIGS devices
currently requires the use of vacuum techniques. Deposition of materials in a vac-
uum, such as sputtering, ensures that no contamination from air, moisture and other
particulates can contaminate the finished product. Sputtering in particular is a well
used and established industrial process, used for several applications outside of the
PV sector. Although this thesis is concerned with low cost processing of the absorber
layers, vacuum deposited CIGS devices have been used to make higher performing
tandem devices.
Co-evaporation
The 3 element source co-evaporation process has been used to great effect when de-
positing the CIGS absorber layer. It has been the most common vacuum technique
currently used for depositing high efficiency CIGS since the early 90’s, developed at
NREL before being patented [80][81]. Through control of the flux of each evaporation
source it is possible to produce compositional gradients for Ga/(Ga+In) relative to
the thickness of the layer. This has a direct impact on the conduction band of the
CIGS material, by raising the band edge. By increasing the Ga concentration at the
back contact, the conduction band is higher in energy toward the back contact of the
absorber, causing electrons to be pushed towards the depletion region and away from
the back contact, reducing recombination losses and increasing current [80]. Some
processes directly incorporate the selenium source into the process, whereas others
make use of a post selenisation step. Elimination of the post evaporation selenisation
step has been attempted though the use of selenium containing precursors during de-
position, or in fact a single evaporation source containing a stoichiometric combination
of Cu, In, Ga and Se [80][82].
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Sputtering
Sputtering is an excellent technique for the deposition of thin films, able to produce
more uniform and more dense films than those by evaporation. At an industrial level
it is easier to scale up a sputtering process than an evaporation process, with films
deposited from evaporation at a large area suffering from a lower deposition rate and
poorer step coverage. Given the complexity of the 3-stage process commonly used in
evaporation processes, the advantage of sputtering from a single metal tertiary target
(with a post-deposition selenisation step) or chalcopyrite quaternary target to simplify
fabrication of CIGS absorber layers has been demonstrated [83][84]. Although research
devices made from these absorber layers have not achieved an efficiency greater than
10 %, cells with an efficiency of 17.2 % have been produced by sputtering commercially
by Miasole [85][86]. These cells in a module currently hold the record efficiency for a
CIGS module, demonstrating the potential for sputtering CIGS in industry [28].
2.3.3 Non-vacuum Deposition Methods
High performance CIGS cells are produced using relatively expensive vacuum pro-
cesses, which coupled with scarce precursors can reduce the potential competition
of CIGS with c-Si despite the reduction in material usage. In fashion with third
generation approaches to low cost manufacturing alternatives, non-vacuum CIGS de-
vices have been studied as alternative methods to deposit CIGS. These eliminate the
need for high vacuum equipment and expensive precursors at the cost of performance.
These non-vacuum fabrication techniques are of particular interest for use in proposed
low-cost tandem devices.
Electrodeposition
The electrodeposition of PV absorber materials has been a popular research point,
due to the low cost of equipment and the ability to scale up research processes to in-
dustrial outputs. This is no different with CIGS and many attempts have been made
to deposit efficient layers through this process with industrial cell records reaching
an efficiency of 15.9 % [86]. As with most low-cost processes electrodeposition of
the highest efficiency layers typically involves electrodepositing a precursor film con-
sisting of multiple Cu, In and Ga stacks with a post process selenisation step. This
process is carried out in three separate reaction vessels, which could potentially re-
duce a commercial output rate. As a result a co-deposition of all three precursors
would be preferable for industrial application. Co-deposition of all three metallic
precursors together in a single electrodeposition to obtain a controlled Ga concen-
tration is not as straight forward due to the negative potential of Ga. Successful
attempts to co-deposit the metallic precursors with the desired Ga concentration has
been demonstrated through control of the solution pH, but can require additional
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reagents and leave structural defects not present in the multiple electrodepostion pro-
cess (also leading to lower efficiencies) [87]. A change in the use of starting materials
to form a metallic mixed oxide/hydroxide precursor film, followed with a reduction
step by annealing in a hydrogen environment and then selenisation delivered a 12.4 %
efficient electrodeposited solar cell [88]. This is a promising step forward for one-pot
electrodeposition processes for CIGS layers, although the removal of the reduction
step is a limiting factor for industrial application.
Metal Salt Solutions and Pastes
The use of metal salts, typically nitrides and/or chlorides, dissolved in a carbon binder
is an approach similar to that used to form the mesoporous TiO2 layer in DSCs. This
approach took a precursor solution containing a desired composition of Cu, In and Ga
and dissolved it into a solution of 1-pentanol and ethylcellulose. The finished paste has
suitable properties for deposition onto a SLG/Mo substrate using a doctor blading
process. The substrate is annealed to remove the organic binders, then selenised
and the cell finished as with typical CIGS cells. This method produces cells with
efficiencies around 6-8 % but they suffer a relatively high series resistance and low fill-
factor due to the amorphous carbon layer, left from the burnt organic binders between
the CIGS/Mo interface [89]. An improvement in reducing the thickness of this carbon
layer to increase the device performance has been a focus of study. Using the same
methodology but with replacement of the binding agent ethyl cellulose with a viscous
chelating solvent led to an improvement in the device performance. 1,2-propanediol
forms a metal-organic complex from the precursor metal salts to avoid unwanted side
reactions prior to formation of the CIGS layer. When heated the solvent decomposes
and evaporates more readily than the ethylcellulose, although a slight residual carbon
layer is still observed. Devices from this methodology deliver a higher efficiency and
an EQE profile more fitting to a vacuum deposited high efficiency CIGS device. It
has been suggested that the selection of more thermally labile ligands could produce
a more efficient decomposition of the precursor and further reduce the thickness of
the carbon layer [90]. It has been shown that the post treatment annealing of the
precursor layer in a sulphur and/or reducing environment can reduce the amorphous
carbon layer and increase the grain size of the CIGS absorber [91].
The elimination of the selenisation step is often a goal to accomplish when fab-
ricating CIGS cells via a low cost process, as this step can often require fine tuning
to the process used to deposit the CIGS layer. The use of metal sulphides and/or
selenides, such as Cu2S, provide a potential chalcogen source without the need of
a sulfurisation/selenisation step. This has been successful through the use of a hy-
drazine solvent [92]. The use of hydrazine also eliminates the inclusion of unwanted
contaminants such as Cl, O or C from the binding materials described previously,
as the precursors used are all present in the finished film. Films prepared using this
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method are of a high quality with large monocrystalline grains. It should also be
noted that despite a lack of a selenisation step, a MoSe2 layer is still formed at the
Mo/CIGS interface [93]. So far efficiencies have reached 15.2% which is an incredible
achievement for a solution based process compared to ZSWs 20.8% record vacuum
cell. In comparison the solution processed device had a slightly lower Voc, Jsc and fill
factor, but electronic losses from electron-hole pair recombination and lower minority
carrier lifetime were believed to be the limiting factors to a comparable performance
[94]. Despite these gains in efficiency the parameters required during deposition would
be non-ideal for scaling up. The most notable concern is that hydrazine is a highly
toxic, flammable liquid (and finds use in some rocket fuels). If another suitable sol-
vent were to be found however the current process must be carried out in an inert
atmosphere, which is not cost effective when scaled up. Spin coating used to produce
these films is also a very wasteful method used to cast precursors on a substrate and
is not considering for industrial use.
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3.1 Magnetron Sputtering of TCOs
The most common deposition technique employed in industry to deposit TCOs is
sputtering. This technique can deposit a thin film with excellent crystallinity with
excellent reproducibility when compared with open-air techniques such as spray pyrol-
ysis. Magnetron sputtering is a vacuum process where a desired material is deposited
onto a substrate from a target source. This selected source material is bonded onto a
copper backing plate (typically using indium) and is referred to as the target. An ar-
gon plasma is formed by a negatively biased electrode behind the target and confined
above the target through the use of a magnetic field, from magnets positioned behind
the target. Through electrostatic attraction the ionised argon atoms strike the target
surface with a high energy, ejecting the target material. These ejected particles travel
away from the target and towards the substrate as seen in Figure 3.1. Rotation of the
substrate during the deposition ensures that a homogeneous thin film is deposited.
The choice of power supply and type of target greatly affect the properties of TCOs
deposited. When depositing TCOs it is possible to either deposit from a ceramic
doped oxide target, or to co-sputter from two or more intrinsic oxide targets. As
metal oxides, especially intrinsic oxides such as tin oxide, have a poor conductivity
it can be difficult to maintain a plasma using a standard DC power supply (typically
used when sputtering metals) and as such RF and pulsed DC powers supplies are
alternatives designed to overcome this limitation.
During the course of this thesis only ceramic targets have been used to deposit all
TCOs used, as they offer a more reproducible result than co-sputtering. Despite this,
co-sputtering has the advantage of allowing control of the doping concentration during
depositions, however the TCOs used in this project have been extensively documented
to determine the optimum doping concentrations.
Sometimes it is necessary to reactively alter the composition of the TCO, through
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Figure 3.1: A representation of magnetron sputtering with ionised argon atoms in
pink and loose target particles in grey.
the introduction of reactive gases into the chamber during deposition, to improve
characteristics of the film. Reactively sputtering with oxygen is perhaps the most
used when depositing TCOs, especially during the deposition of doped indium oxide
TCOs. But it is also possible to reactively sputter with nitrogen to form conductive
nitrides, such as TiN.
TCOs used during research presented in this thesis were deposited in an AJA
International (USA) ATC Orion 8 magnetron sputtering system from 3” diameter,
0.125” thick ceramic targets. To enable lengthy depositions, all the target mounting
guns have a watercooling system. A load lock system to load samples without venting
the deposition chamber was installed, typically keeping the main chamber pressure
around 1x10−7 mTorr, despite periods of heavy use. Thanks to a fully automated
system, a VAT pressure adaptive gate mounted in front of the main turbo-pump and
mass flow controlled gas inputs; the pressure of the deposition can be finely tuned
and controlled ensuring excellent reproducibility. The use of two 1 kW halogen bulbs
below a plattern sample holder, the substrate may be heated to temperatures of 500
°C. Any samples vacuum annealed during the course of this work will have been done
so in this apparatus.
Substrates used for TCO deposition were 50 x 50 x 11 mm soda-lime glass slides
(Fisher Scientific, UK). The nature of the atomic scale deposition requires that the
substrates must be cleaned to a high standard before use. Prior to use, 10 glass slides
are cleaned with a brush in a soap and de-ionised water solution. Next the slides are
placed into a PTFE sample holder designed to fit into a 500 ml beaker and immersed
into a solution containing soap and DI water. This beaker is placed into a sonicbath
at 70 °C for 20 minutes. The samples are rinsed with DI water to remove any excess
soap and placed into a solution, RCA 1, which contains 50 ml ammonia solution, 50
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ml hydrogen peroxide (40 % v/v) and 250 ml DI water. The samples are left to soak
for 10 minutes at 70 °C, which after that time are removed and rinsed. The samples
are then immersed into a second and final cleaning solution, RCA 2, which contains
50 ml conc hydrochloric acid, 50 ml hydrogen peroxide (40 % v/v) and 250 ml DI
water and soaked for 10 minutes at 70 °C. Finally the samples are removed and rinsed
with DI water before being stored in a breaker with 350 ml DI water until needed for
use in a deposition. Prior to loading into the load lock the samples are dried using a
compressed nitrogen line.
3.2 Material Characterisation
3.2.1 UV-Vis-NIR Spectrophotometry
The optical properties of a transparent conducting oxide thin film material will identify
its potential performance in a solar cell. Typically a thicker TCO will lead to a more
conductive film, whilst also reducing the transmission through the film. As a result
the overall transmission of the film is measured, which can then be used with a device
EQE to estimate the maximum current achievable for a particular PV device.
Measurements of transmission and reflection were made using a Cary 5000 UV-
Vis-NIR Spectrophotometer (Varian, USA). Baseline measurements were made first
using air as a reference instead of glass so that the transmission data would indicate
all of the available light a solar absorber would be exposed to. Both transmission and
reflectance measurements are made between 200 - 1800 nm with the use of an inte-
grating sphere. It is possible to better compare TCOs by correcting for the substrate
used, by subtracting the absorption of the TCO from 100 % it is possible to compare
TCOs from other laboratories without having to take into consideration reflection and
absorption of the substrate.
Estimation of the Band Gap
It is possible to estimate the band gap of any TCO from its transmission and re-
flectance measurements. The Beer-Lambert law describes the interaction of light as
it passes through a material, such as a solution or in this case a thin film. This
interaction for a solid material is expressed below in Equation 3.1.
Ix = I0exp (−αd) (3.1)
From this equation it is possible to calculate the absorption co-efficient for a mate-
rial given its transmission properties. This relationship for the interaction of incident
light with a material can be visualised in Figure 3.2.
Incident light, I0, may also be represented relative to the reflective losses incurred
from the surface of a material. If I0 is the total of all light, the subtracted percentage
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Figure 3.2: A visual representation of how incident light, I0, is initially reflected, R
and then transmitted, Ix, through a solid material with thickness, d.
of reflected light, R from 1 will equal I0. which is expressed in Equation 3.2.
I0 = 1−R (3.2)
It is possible to calculate the absorption co-efficient from both Equation 3.2 and
Equation 3.1. Substitution of Equation 3.2 and Equation 3.1 and rearranged to give
the absorption co-efficient, α as seen in Equation 3.3, which is vital for the estimation
of the band gap.
α = −ln
(
Ix
1−R
)
1
d
(3.3)
With transmission data, reflectance data and film thickness it is possible to esti-
mate the bandgap of a TCO thin film through the use of a Tauc plot. By plotting
(αhν)r against hν it is possible to display the absorption spectrum for a given wave-
length of a material. The onset of absorption can be seen from the linear absorption
relationship. Extrapolation of this to the x axis results in the determination of the
band gap for the material.
3.2.2 Sheet Resistance and Hall Effect Measurements
Sheet Resistance
Four point probe measurements are carried out to determine the sheet resistance
of deposited TCO films. These are carried out using a four-point probe (Jandel
Engineering LTD, UK) connected to a source meter (Keithley, USA). The four probes
are brought into contact with the TCO surface in order to take the measurements.
It is possible to approximate the resistivity of a TCO using a four-point probe
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Figure 3.3: A basic visualisation of the 4 point probe configuration with the TCO
below. Each probe is equidistant, s, with an applied constant current, I, across the
outermost probes and the voltage, V , measured on the innermost probes.
although Hall measurements are more accurate and as such are used to calculate the
resistivity. It is possible to crudely measure the resistance across the film between the
probes contacts using Ohm’s law. However as this law does not consider the spatial
dimensions of the TCO film being measured, it is necessary to include a correction
factor to give a more accurate measurement.
R =
V
I
(3.4)
The correction factor is derived from the geometry of the semiconductor; it is
assumed that current supplied from the outermost points follows a spherical path.
However for a thin film semiconductor the current will follow the path of a ring rather
than a sphere. For a thin film with thickness t the resistivity ρ of a thin film will be
ρ =
pi
ln 2
t
(
V
I
)
(3.5)
It is possible to define the sheet resistance Rsheet as:
Rsheet =
ρ
t
(3.6)
Substitution of Equation 3.6 into Equation 3.5 will give Equation 3.7 which is
solved to give the correction factor of 4.532. As a result sheet resistance measurements
are carried out with a current of 4.532 mA and a voltage sense in the mV range. This
current enables any value read from the source meter (in mV) to be given as the sheet
resistance in Ω/.
Rsheet = 4.532
V
I
(3.7)
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Hall Effect Measurements
Hall effect measurements are a useful characterisation of a TCO used to determine the
resistivity, ρ, the carrier concentration, N , and the mobility, µ, of the semiconductor
material. These measurements were carried out using an Ecopia HMS 3000 Hall
measurement system using the Van der Pauw method [95]. Samples are cut into 1
cm x 1 cm pieces and mounted into a sample holder with contacts taken in the four
corners of the thin film.
3.2.3 X-Ray Diffraction (XRD)
Structural characterization was performed using powder X-Ray diffraction on a D2
Bruker X-Ray diffractometer. Samples were analysed for 30 minutes with results cross
referenced against the International Centre for Diffraction Data (ICDD) database, a
database of over 815,000 unique data sets for XRD measurements of materials. The
diffractometer used was not capable of grazing angle measurements.
3.2.4 Scanning Electron Microscopy (SEM) and Transmis-
sion Electron Microscopy (TEM)
Scanning Electron Microscopy and cross-section Transmission Electron Microscopy.
STEM imaging was carried out using a FEI Tecnai F20 (S)TEM, collected using a
Bright Field detector at 200 kV. The TEM samples were prepared by Focused Ion
Beam (FIB) milling using a dual beam FEI Nova 600 Nanolab. A standard in situ lift
out method was used to prepare cross-sectional samples through the coating into the
glass substrate. A Pt over-layer was deposited to define the surface of the samples
and homogenise the final thinning of the samples, down to 75 nm.
3.3 Device Fabrication
Dye-sensitised Solar Cells
In order to fabricate dye-sensitised solar cells a comprehensive guide published by Ito
et al is followed with slight adaptation. TiO2 electrodes are deposited onto a 5 cm
x 5 cm TCO/glass substrate. The thickness of the substrate will change depending
on whether the TCO was deposited manually or commercially bought in. This glass
substrate can have a choice of different coatings, but typically in non-tandem DSCs
commercially available fluorine-doped tin oxide (FTO) coated glass is used (Pilking-
ton TEC™ 7, 8 or 15). The product number denotes the conductivity of the film,
referring to the sheet resistance in Ω/. The sheet resistance is directly related to
the transmission of the FTO, with thicker FTO films giving superior conductivity,
but a reduction in the transmission of photons.
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The FTO substrate is treated in a 40 mmol TiCl4(aq) solution for 30 minutes at 70
°C, prior to the application of TiO2 electrodes. This treatment forms a thin layer of
TiO2 to enhance adhesion of the electrodes to the substrate as well as blocking surface
recombination of electrons in the finished cell, leading to a preferential increase in
shunt resistance. Screen printing is often the preferred deposition method for TiO2
electrodes in the fabrication of high efficiency DSCs, as this method offers better
control of electrode thickness and density over methods such as doctor blading. Two
TiO2 pastes are used to make a bilayer working electrode in a standard DSC, a
transparent layer (18NR-T, Dyesol) and scattering layer (18-NR-A, Dyesol). The
transparent layer is applied first, acting as semi-transparent layer once dyed, with a
typical particle size of 40 nm. The optimisation of the thickness of this layer varies
between research groups, but a layer of 10 um is used in this thesis unless stated
otherwise. The scattering layer uses larger particles of around 200-400 nm, which
are designed to absorb more of the near infra-red spectrum, to enhance the current
density of the DSC. This layer is typically deposited to be a thickness of 6 µm and is
applied after the transparent layer.
Once the TiO2 electrodes have been screen printed to the FTO, the substrate
is then annealed to a temperature of 450 °C. At temperatures close to 400 °C the
ethyl cellulose binders giving the TiO2 paste its viscous consistency, begin to burn,
turning the electrodes temporarily black. Left sufficiently long enough (ca. 20 mins)
all of the binding agents will be burnt, oxidised and removed, leaving the electrodes a
bright white colour. Once cooled to room temperature a successive TiCl4 treatment
is performed, identical to before. Finally the electrodes are washed with de-ionised
water and dried, of which they are then sintered at 500 °C for 30 mins to improve
TiO2 crystallinity.
Once cooled the substrate is cut into twelve individual 1.25 x 1.7 cm working
electrodes and immersed into a sensitizing dye solution, typically of a concentration
of 0.3 mmol. The dye time and dye container is crucial to the adsorption onto the
TiO2, if the electrodes are not exposed long enough an insufficient uptake will lead to
poor performance. 22 hours is usually sufficient for regular ruthenium dyes such as
the N719 ruthenium based dye.
Counter electrodes are made of the same FTO substrate used to make the working
electrodes and are cut to match the dimensions of the working electrode. A hole is
sandblasted from the glass side through to the FTO with a diameter of approx 1-5
mm. These are then washing in an IPA solution and left in a sonic bath for 20 mins to
remove and particles from the sandblasting process. The counter electrodes are dried
and heated to 400 °C in air to remove any organic contaminants. These are cooled
and a drop of Platisol™(Solaronix) is added to each counter electrodes FTO surface.
This solution contains a chemical platinum precursor, which following a successive
heat treatment at 400 °C, removes any binding agents to leave a compact layer of Pt
atoms on the counter electrode to serve as a catalyst for the hole conductor electrolyte
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used layer in the cell.
Once dying of the working electrode is completed, it is washed in acetonitrile
to remove excess dye solution and bonded to the counter electrode using a hot-melt
polymer gasket (Surlyn™). This gasket is arranged around the TiO2 working electrode
and the counter electrode is placed on top with the sandblasted hole in line with
the working electrode. This stack is then carefully placed onto a hot plate at 130
C, the heat melts the polymer gasket to form a tight seal around the electrodes.
The iodide/tri-iodide electrolyte is added through the hole with the aid of a vacuum
pump, which is then sealed with a piece of Surlyn™ and a watch glass cover. Contacts
are ultrasonically soldered onto to exposed parts of the FTO substrates ready for
characterisation of the cell.
3.4 Device Characterisation
3.4.1 Current-Voltage (I-V) Measurements
The accurate measurement of photovoltaic devices is an important characterisation
step in the development and certification of solar cells. An equivalent circuit diagram
may be drawn to model the electrical behaviour of a solar cell, shown in Figure 3.4.
The p-n junction of a solar cell does not display ideal diode performance due to series
and shunt resistance (Rs and Rsh respectively). Series resistance is an opposition to
current flow through the cell material, front contacts and resistive contacts. Shunt
resistance is caused by a leakage of current across the p-n junction, crystal defects,
between contacts of different polarity and through the edges of the device.
IL Rsh
Rs
I
V
Figure 3.4: An equivalent circuit of a non-ideal solar cell locating the series and shunt
resistances in a solar cell. The current supply, IL, is photo-generated, whilst the diode
represents the rectifying depletion zone.
Modelled I-V data of an ideal diodic photovoltaic cell is shown in a current-voltage
graph in Figure 3.5. Two curves are present on the graph, one is that to be expected
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from a device when measured in the dark and the other expected when under illu-
mination. When measured in the dark, the cell will behave as a rectifying diode,
which will undergo reverse breakdown if measured with a great enough bias. Under
illuminated conditions the curve will be down shifted to intersect the y axis, this value
is the short circuit current density (Isc). Intersection of the x-axis will determine the
cells open circuit voltage (Voc). This also gives the current density and voltage (Imp
and Vmp) at the maximum power point (Mpp).
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Figure 3.5: An ideal I-V curve from a solar cell plotted using modelled data.
The mathematical representation of current generation in a solar cell is expressed
using a modification of the Shockley diode equation:
I = I0
(
exp
(
V + IRs
kBT
)
− 1
)
+
V + IR
Rsh
− Iph (3.8)
Measurement of an illuminated cell is achieved using a linear voltage sweep and
measuring current. By measuring the I-V curve of a solar cell it is possible to calculate
how efficiently the device converts absorbed photons into electrons that may be made
to do work shown by:
η =
ImpVmp
Ps
(3.9)
η =
IscVocFF
Ps
(3.10)
Where η is efficiency, Ps is the incident light power density and FF the fill factor,
defined by:
FF =
ImpVmp
IscVoc
(3.11)
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Solar Simulator
The solar simulator used to characterise the devices fabricated in this thesis used a
solar simulator closely matched to the AM 1.5G spectrum (Sciencetech, Inc) using
an appropriate filter and Xenon arc lamp (1 kW, Osram XBO1000W/HS). The illu-
minated area was a 15 cm x 15 cm sample holder, custom designed to enable simple
loading of DSCs. The DSCs would sit in the centre of the holder, which could be
raised or lowered away from the illumination source. This was also a convenient as-
sist to the calibration of the simulator illumination, which was achieved by measuring
the current output of a reference silicon photodiode.
A KG5 (Schott) glass filter was placed above the reference photodiode and the
sample holder raised or lowered until a predetermined current output was measured.
The KG5 filter is applied to better simulate the spectral response of a DSC (dyed with
N719), as a number of wavelengths not absorbed by the DSC otherwise contribute
to the calibration measurement. Their subsequent removal by the filter enables the
illumination to better match the wavelengths present in AM1.5G, which are absorbed
by the DSC [96].
The I-V measurement was made in a 4-wire configuration (for both DSC and
tandem cells fabricated in this thesis) and the voltage swept from -0.4 V to 1.4 V.
This was measured using software developed at CREST using LabVIEW, which in
turn controlled a sourcemeter (Keithley 2425).
3.5 Conclusion
Presented in this chapter are the methodologies used to produce any data or de-
vices presented in this thesis. The measurement and fabrication techniques described
are commonplace in the area of DSC photovoltaics. As a result data in this thesis
is presented in a comparable format to that expected for research publications and
comparative analysis with other published research. Any deviation from the fabrica-
tion and/or measurement techniques presented in this chapter will be described as
they appear in their relevant chapter and will either be presented as novel or cited
appropriately.
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Chapter 4
HIGH MOBILITY
TRANSPARENT CONDUCTING
OXIDES FOR USE IN TANDEM
SOLAR CELLS
4.1 Introduction
A transparent conducting oxide (TCO) is a thin film metal oxide (also generalised as
Transparent Conductors), often n-doped for use in opto-electronics often as a front
contact. These materials have existed since the 1940s and are present in nearly every
LCD panel. This class of materials are considered as a primary element for any
optoelectronic device, as it acts as a contact as well as a window for light. The
most common of these TCOs is tin-doped indium oxide (ITO) which has a good
transparency in the visible range of the electromagnetic spectrum, along with a low
resistivity and high carrier concentration. As a result of these properties TCOs have
also found use as contacts in solar cells. Dependant upon whether the device is in
substrate (e.g. CIGS) or superstrate (e.g. CdTe), the TCO is the first layer thin
film layer for light to pass through in a completed PV device. Because of this TCOs
in a solar cell must have a high transparency and low reflectivity, increasing photon
transmission and reducing optical losses, contributing to a more efficient solar cell.
To achieve the required sheet resistance and transmittance for use in solar cells,
the resistivity of a TCO would ideally be in the range of ρ<1-3 x10−4 Ω.cm, although
values in the range of 10−3 Ω.cm are not uncommon for TCOs deposited at room
temperature such as ITO. This translates to seet resistances of ca. 20 Ω/although
this is dependant upon the thickness of the film. The transmittance of the TCO
film would need to be between 80-90 % between 300-1200 nm to be comparable to
ITO. ITO is currently the most commonly used TCO in the opto-electronics industry.
The charge carrier density typically has values ≥1020cm−3, requiring relatively low
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mobility values of 10-20 cm2.V−1.s−1.
4.1.1 Requirements of TCOs as Tandem Cell Contacts
The TCOs commonly used in blue absorbing solar cells suitable for tandem applica-
tions absorb a large portion of available near-infrared photons (800-1800 nm) due to
free carrier induced photon absorption. This is a result of the desirable properties
of this material, caused by its relatively high carrier concentration. This reduction
of near-infrared photons reaching the bottom absorber reduces the current generated
when compared to its single junction counterpart. Current matching is an impor-
tant part of multi-junction cell design, requiring both absorbers to generate similar
currents under illumination. This requires both parts of the device to be optimised
in a different configuration to that of their single junction counterpart, for example
the scattering layer of the DSC is removed to ensure efficient transparency to the
bottom layer. This significantly reduces the current generated from the DSC, but
the enhanced transparency of near-infrared photons increases the bottom absorber
performance. This transparent TiO2 layer may be made thicker to generate more
current to counteract these losses but the performance increase is limited.
To improve the efficiency and current generation of some multi-junction devices
it is necessary to investigate TCOs which may reduce photon absorption in the near-
infrared. Not only must the TCO chosen display a high near-infrared transparency, it
must be compatible with current device fabrication processes. For example, DSC fab-
rication requires the TCO substrate to be chemically and thermally stable, properties
that make FTO a popular choice in their fabrication is that it is able to withstand
exposure to high temperatures in air and the acidic processes vital in ensuring the
compact TiO2 layer deposition. Finally the TCO must have comparable electronic
properties to ITO or FTO, otherwise any superior optical properties displayed may
not lead to an overall improvement in device performance.
4.1.2 High Mobility TCOs
The combination of a high carrier concentration in FTO and ITO are attributed to
the low resistivity needed for use in solar cells. However free carriers are primarily
responsible for the absorption of near-infrared photons. The conductivity, σ, of a
transparent conducting oxide (or its reciprocal, resistivity, ρ) of a TCO are governed
by the mobility, µ, charge carrier density, N and the electric charge, q of the material:
σ =
1
ρ
= µNq (4.1)
As a result a material suitable as a TCO for tandem applications requires a reduced
carrier concentration without compromise of the electrical properties. To accomplish
this the material would require a larger carrier mobility to compensate, as free carriers
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availible for charge transport are in fewer numbers. It has been shown using Drude’s
model that increasing the mobility in a material with a fixed carrier concentration
reduces its absorptance in the near-infrared [97].
Investigation into improving the mobility of existing TCOs has been undertaken,
although the direct relationship between transmittance and TCO electrical perfor-
mance is not fully understood [98]. It has been shown that the mobility of an n-type
TCO may be improved through empirical experimentation, by improving the qual-
ity of the materials crystallinity. This has been performed in high mobility TCOs
through the determination of dopant concentration [99], post deposition annealing of
the TCO [100] and modification of the deposition parameters [101][102].
4.2 Titanium-doped indium oxide
Titanium-doped indium oxide (ITiO) is a high mobility TCO suitable for use in tan-
dem DSC/Cu(In,Ga)Se2 solar cells. It has a relatively high mobility≥100 cm2.V−1.s−1
and a much lower carrier density than other TCOs typically ∼1019 cm−3 which trans-
lates as a significant improvement in the transmission of near-infrared photons which
can be seen in Figure 4.1. Its electronic properties are also suitable, able to demon-
strate a similar, if not better, resistivity to that of ITO and FTO. Unfortunately ITiO
suffers from similar chemical and thermal instability properties as ITO, which results
in a need to suitably modify the fabrication process of a DSC when used as the TCO
[103]. The application of an additional thin tin oxide layer (20 nm) on top of the ITiO
can assist in allowing the processing of ITiO in a TiCl4 bath, for surface treatments
necessary in a DSC fabrication [104].
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Figure 4.1: A comparison between UV-Vis-near-infrared spectra for commercially
purchased NSG-Pilkington TEC 8 FTO, with a sheet resistance of 6 Ω/ and as
deposited ITiO with a sheet resistance of 8 Ω/ . The absence of any interference
fringes in the FTO transmittance data is indicative that the film has a relatively rough
surface, unlike the ITiO film.
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4.2.1 Optimisation of opto-electronic properties of titanium-
doped indium oxide
As described previously the crystalline quality of TCOs are linked to the methods by
which they are deposited. Superior results are typically achieved through the use of
a process called sputtering. This vacuum process uses an ionised argon gas stream
to mechanically remove material from an electronically biased target source by ion
bombardment, upon which it recrystallises on a substrate typically placed at a per-
pendicular plane to the target source. This is a well developed process already widely
used in industry for thin film growth onto a variety of substrates (including TCOs for
LCD displays). Other methods of thin film growth exist which have been shown to
deposit TCOs with sufficient optical transparency and ideal resistivity requirements.
The high temperatures required to recrystallise the TCO on the substrate suface
causes problems for atmospheric based deposition processes as these higher temper-
ature typically cause additional oxidation incorporation into the film, thus reducing
the overall film conductivity. Other methods such as evaporation often fail to match
the throughput of sputter coating as well as the relative simplicity to operate and
serve the equipment.
The optimization of deposition parameters via magnetron sputtering can largely
be a process of trial and error with new materials, however for more common materials
(such as In2O3, ZnO and AZO) changes to particular process parameters will modify
the opto-electronic properties in a controlled and predictable fashion, although the
magnitude of the change cannot be easily predicted. For example an increase of oxygen
concentration in the plasma leads to a higher resistance and greater transparency in
deposited films for materials such as ITO and AZO.
When a new target is installed in magnetron sputtering equipment and used for
the first time it must typically be conditioned and optimised before depositing useful
films. Following a burn-in whereby the target is subject to deposition parameters for
several hours with the shutter door closed, samples are then taken under different
conditions in order to determine the parameters that will deliver a film with optimum
performance. ITiO films are deposited in this thesis from ceramic targets, with a 2%
wt. TiO2 : 98% wt In2O3, by reactive magnetron sputtering. This particular ceramic
target is not conductive enough to allow sputtering using a DC power supply and as
a result the popular choice for deposition has been to use a Radio Frequency (RF)
power supply.
For the optimization of thin films deposited by sputtering the main process pa-
rameters to alter which have the most significant effect are the temperature of the
substrate during deposition, the working pressure, target power density and the oxy-
gen partial pressure. From previous investigations into ITiO the target power density
and substrate temperature were fixed at 450 °C throughout the work presented in this
chapter.
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Sputtering at low working pressures is known to increase the quality of electrical
and structural performance of a thin film. Ejected target material has a greater
mean free path at lower pressures as there are fewer argon plasma ions, leading to
more material deposited with a much higher crystallinity. This is exploited in the
deposition of Mo onto glass substrates during CIGS solar cell fabrication, as high
stress between Mo and glass can lead to delamination of the film. Deposition of Mo
at a higher working pressure causes a less dense, lower quality film to adhere to the
substrate with lower stress. Following this a second layer of Mo is deposited on top
at a lower pressure to deliver the low resistivity required, that is not provided by the
layer deposited at a higher working pressure. Introduction of oxygen into the argon
plasma during deposition will introduce additional oxygen atoms into the deposited
film. This is particularly useful for materials where by the exact oxygen composition
from the target to the deposited film is reduced, typically leading to a more metallic
film. This allows for a degree of control over the transparency and resistivity of the
deposited film. Reactive sputtering with oxygen also reduces the deposition rate and
can lead to a poisoning effect, where the surface of the target forms a thick oxide.
This can make successive depositions difficult, as the plasma may not stay lit at lower
pressures until the oxide layer is removed by a pre-cleaning step.
To determine the optimum working pressure and oxygen concentration at which
ITiO films would achieve desired performance parameters for use in tandem solar
cells, a series of depositions were carried out at varying working pressures and oxygen
concentrations. Films that delivered a superior sheet resistance with desired trans-
parency were used as a benchmark and those deposition conditions were considered
as optimal. A summary of the process parameters are shown in Table 4.1 with their
corresponding sheet resistances. The full experimental proceedure for films deposited
during the rest of this chapter can be found in the methology, any derivation from
this method will be explained in sequence.
Looking at Table 4.1 we can see that the introduction of oxygen during deposition
has a detrimental effect on the electrical performance of the ITiO films. The films
without additional oxygen during deposition provide useful sheet resistances for films
deposited for only 30 minutes. Despite the reduced electrical performance brought
about from the introduction of oxygen into the sputtering plasma the use of reactive
sputtering using the ITiO targets supplied for this project was vital. It was found
that an absence of oxygen during deposition led to films that would easily de-laminate
from the soda-lime glass substrate. The reason for this is still not fully understood,
however it was hypothesised that it could be caused from a poor crystalline structure
due to a deficiency of oxygen atoms deposited in the bulk from the target, leading to
the hazy metallic-like film seen. Despite delivering a sheet resistance that would be
expected for an ITiO film, the bulk of the film could easily be removed by rubbing
the surface with a non abrasive material.
From the transmission data for each of the films, seen in Figure 6.2 it can be seen
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Table 4.1: Deposition conditions and film sheet resistances of ITiO films deposited
with different oxygen in plasma concentrations. All films were deposited for 30 min-
utes at 450 °C.
*o/s - (off scale) films measured with the four-point probe would not display a sheet
resistance in the desired scale (≤ 200 Ω/)
Sample Pressure Deposited/ Oxygen in Plasma/ Sheet Resistance/
(mTorr) (v/v%) Ω/
13A0325 1 0 18.7
13A0326 5 0 26.1
13A0327 10 0 37.5
13A0312 1 1 26.0
13A0315 5 1 o/s*
13A0317 10 1 o/s*
13A0294 1 10 o/s*
13A0295 5 10 o/s*
13A0296 10 10 o/s*
that the increase in oxygen during deposition increases the transparency through the
glass/TCO stack. The electrical properties in Table 4.1 identify that the process
parameters belonging to the sample 13A0312 are ideal, as it is the only reactively
sputtered film to deliver a sheet resistance, as the non reactively sputtered films are
too fragile to be of any use (and have poor transmission properties). The trends in
resistivity and transmission are similar to that seen previously during group investi-
gation into AZO and ITO films.
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Figure 4.2: Comparison of ITiO films deposited by RF magnetron sputteirng for 30
minutes each at increasing pressure at (a) no O2, (b) 1 % O2 and (c) 10 % O2 plasma
partial pressures.
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4.3 Pulsed DC Magnetron Sputtering of ITiO Thin
Films
4.3.1 Motivation
The use of a RF power supply for magnetron sputtering is commonly known to deliver
thin films with a high quality crystal structure, but reduce the throughput of the
process due to a relatively slow deposition rate in comparison to DC and pulsed DC
power supplies. Combined with reactive sputtering processes the deposition rate can
be further drastically reduced, such as is the case with AZO and TiO2. If ITiO films
are to be considered as a potential candidate in low cost multi-junction solar cells they
must also be cost effective. There are many studies to suggest that the World’s current
and unexploited indium deposits may not be able to sustain the future demand for
ITO in thin film displays [70]. This future supply and demand complication would
enivitably lead to an increase in cost for indium, because of this the cost to produce
ITiO films should be kept to an absolute minimum if possible without any loss of
performance in the film. Increasing the throughput of any production line will lead
to a reduction in cost per unit produced, but in this example the quality of the
product must not be affected. A potential way to increase the throughput of the
ITiO thin films is by increasing the deposition rate by using a pulsed DC power
supply. Unlike a typical DC power supply, the pulsed DC power supply is designed
to be compatible with low conductivity materials. Similarly to a DC power supply
it is able to deposit thin films with a relatively high deposition rate, especially when
compared to RF power supplies. Capital costs for the pulsed DC unit are also cheaper,
as RF power supplies require impedance matching networking equipment, which can
be very expensive in addition to the intial outlay of a vacuum system. A potential
disadvantage of the pulsed DC process however, is the kinetic energy which the ejected
target particles possess when they reach the substrate surface.
It has been suggested that methods such as pulsed DC sputtering can damage
the film as it is deposited, potentially leading to a film with reduced mobility and
resistivity [105]. This could potentially be a severely limiting factor for this technique
when depositing ITiO films. As it is imperative that ITiO films have a high mobility
to make up for their intrinsic low carrier concentration, previously dictated by the
relationship in Equation 4.1. It is important therefore to determine the effects, if
any, of using a pulsed DC power supply to deposit ITiO thin films. If damages to the
crystalline structure do lead to a reduced mobility, the effect on the film’s performance
should be investigated. For a useful comparison between power supplies a set of
ITiO films were deposited from both power supplies. Optimum parameters have
already been determined to produce a film with ideal performance, deposited using
the RF power supply for comparison, another film of the same parameters needs to be
deposited by the pulsed DC supply (referred to now as PDC). High working pressures
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have also been determined to detrimentally affect the electrical performance of the
ITiO films deposited by RF, so for comparison these pressures were also used for the
PDC deposited films. To limit unwanted variation in transmission properties between
films as a result of thickness variation, the samples were deposited at a set thickness
as opposed to a pre-determined amount of time, as the deposition rates would be
expected to vary. Under each set of conditions a film was deposited for 30 minutes.
The thickness of this film was then measured and the deposition rate determined.
Using the deposition rate for each set of conditions each sample was deposited to
a thickness of 200 nm to ensure a film thick enough for materials characterisation
techniques such as XRD, SEM and TEM. From previous optimisation work this is
also a thickness likely to yield a film with suitable opto-electronic properties, using
the optimum process parameters. This also ensures that electrical properties such as
the sheet resistance, which is dependent on film thickness is being compared based
on any changes in the film structure. For each power supply, RF and PDC a sample
was deposited at 1, 5 and 10 mTorr. The PDC power supply was kept at its default
settings with a frequency of 150 kHz and a reverse time of 3 µs. All other process
parameters are kept as before, but are summarised below in Table 4.2.
4.3.2 Results
Table 4.2: Deposition conditions of the films grown to compare the differences between
ITiO films grown using RF and pulsed DC power supplies. All films were grown at
450 °C with a power density of 3.28 W/cm2.
Sample Pressure Power Mobility/ Carrier Resistivity/
Deposited/ Supply (cm2.V−1.s−1) Conc./ x10−3(ohm.cm)
(mTorr) x1020(cm−3)
13A0337 1 PDC 101.90 1.88 0.33
13A0339 5 PDC 64.57 0.70 1.37
13A0341 10 PDC 39.29 0.28 5.74
13A0314 1 RF 108.31 1.72 0.34
13A0316 5 RF 35.28 0.33 5.41
13A0318 10 RF 10.05 0.27 22.65
From Table 4.2 it can be seen that the RF film deposited at a working pressure of
1 mTorr exhibited the highest mobility of all films in this study, although the PDC
grown film demonstrates a comparable mobility and resistivity. The PDC 1 mTorr film
exhibits the desirabled mobility of ≥ 100 cm2.V−1.s−1, revealing that a PDC power
supply does not decrease the mobility significantly when compared to an RF ITiO
film deposited under the same conditions. In addition the film demonstrates desired
properties for use in a multi-junction solar cell. As the pressure is increased during the
deposition, the resistivity increases whilst the carrier concentration decreases across
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all samples. Whilst a reduction in carrier concentration is desired for TCOs used
in multi-junction devices, the mobility must also be increased to compensate. As
expected from the earlier optimisation process the mobility decreases for both RF
and PDC films as the pressure increases. As a result this unquestionably confirms
that for both RF and PDC, sputtering at lower working pressures leads to a film with
superior electronic properties. Quite interestingly though, is the difference in the
extent of the reduced electrical performance at higher pressures between the RF and
PDC power supplies. Although both sets of films see a reduction in performance, the
PDC films appear to be more resilient to an increase in working pressure. It could be
hypothesised that this could be attributed to the high kinetic energy that PDC ejected
target material has relative to RF, leading to fewer unexpected trajectory alterations
following collisions with Ar+ ions, preserving energy whilst being deposited onto the
substrate.
Table 4.3: Deposition rates for all ITiO films deposited by both RF and PDC.
Sample Pressure Deposited/ Power Deposition Rate/
(mTorr) Supply (nm.min−1)
13A0337 1 PDC 5.2
13A0339 5 PDC 4.5
13A0341 10 PDC 3.3
13A0314 1 RF 4.7
13A0316 5 RF 4.1
13A0318 10 RF 2.3
The deposition rates for films deposited by PDC are generally slightly higher than
their RF film counterparts, which are all displayed in Table 4.3. As the pressure
increases the deposition rate begins to decrease, which is to be expected as discussed
previously. The rate of decrease between the 1 mTorr and 10 mTorr samples in the RF
films though is interesting when compared to the PDC, as the sputtering rate decrease
for RF is much sharper. This again could be attributed to the energy in which the PDC
power supply grants the ejected material, giving it a greater likelihood of reaching the
substrate following a collision leading to a thicker film. For a 200 nm ITiO film, a sheet
resistance of 16.4 Ω/ is obtained from the 1 mTorr RF deposited film. For use in a
solar cell this value would preferably be closer to 10 Ω/. We can roughly estimate
the thickness of the film needed to supply this sheet resistance, from Rsheet=ρ/t. This
would mean that an RF deposited film would need to be approximately 330 nm thick,
taking 70 minutes to deposit. By comparison a PDC film deposited at 1 mTorr, which
demonstrates a similar mobility, would take approximately 63 minutes for a 330 nm
thick film. Although this difference in time appears to be fairly trivial, it translates
to a much greater loss of time in an industrial environment. Especially when both
methods are able to produce films with comparabe properties.
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The transmission data for both the RF and PDC ITiO films can be seen in Figure
4.3. Each deposited film demonstrates a superior transparency in the near-infrared
when compared to FTO, fulfilling the ≥ 80 % transmission criteria between 800
- 1800 nm. As all the films compared in this experiment are ca. 200 nm there
is very little difference in transmission between the RF and PDC films and their
pressure derivatives. Similarly to the increased electrical performance, the 1 mTorr
samples do have a slight increase in transmission in the near-infrared compared to
the other films. The 5 mTorr film stands out though with the lowest transmission
across all wavelengths, this deposition was performed a number of times to rule out
the possibility of potential contamination of the sample and/or target.
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Figure 4.3: Transmission properties of all (a) RF and (b) pulsed DC power supply
deposited ITiO films described in this study.
Investigation into the crystal structure can potentially eludicate to the cause of
these trends seen. Powder X-ray diffraction is a particularly useful characterisation
tool to assist in analysing the crystalline structure of ITiO films. Differences in the
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film structure shown by XRD data becomes apparent between the pressure variations
and the change in power supply, as shown in Figure 4.4. All ITiO films have a strong
peak at 30.5°, corressponding to the (222) In2O3 peak, with the RF films displaying
a much greater intensity relative to the other PDC peaks, which suggests a preferred
orientation in this plane. It can also be seen that the increased working pressure for
RF films shows a reduction in peak intensity relative to the 1 mTorr sample. The
PDC sample set show a much stronger correlation to the peaks seen from an In2O3
diffractogram. Comparison of both 1 mTorr samples, chosen due to their presumed
higher crystal quality, with the ICDD XRD database file (PDF 00-006-0416) shows a
strong similarily between the PDC sample peaks and the database entry for In2O3 in
the cubic phase. Due to the preferred orientation of the RF sample this match is not
as strong, although some similarities can be seen. Both samples return a slight match
with the 31° peak corresponding to the rutile phase of TiO2 which is likely caused by
the TiO2 dopant present in the samples.
Scanning Electron Microscopy (SEM) is used to analyse changes in the film surface
structure. SEM images are given for RF samples in Figure 4.5 and PDC in Figure
4.6. The PDC films deposited at all pressures have triangular shaped crystallites,
with the size of these decreasing as the working pressure increases. The 5 mTorr and
10 mTorr samples appear to show gaps between the crystallites, possibly pin holes
or pore channels, with the frequency of these increasing through up to the 10 mTorr
sample. This appears to be in agreement with the electrical properties measured
previously, as smaller crystallites lead to a greater concentration of grain boundaries,
serving as an area of high resistivity for electrons thus reducing overall electrical
performance. A trend is not as easily identified in the 1 mTorr RF sample, as the
crystallite shape changes entirely compared to the 1 mTorr PDC sample. The 5 and
10 mTorr samples show similarities to their PDC counterparts, albeit with a slight
increase in crystallite size and reduced pore/pinhole frequency. This is seemingly in
contradiction to what would be expected from looking at the electrical properties of
these films. The crystallites in the 1 mTorr film hold no similarity to either the other
RF or PDC samples, with the RF 1 mTorr film crystallising into rice-grain shapes
with no observable pores/pinholes but appearing to be more laterally oriented.
A cross section of the film will would allow further analysis of the bulk structure,
particularly the growth pattern of the grains. Unfortunately the thickness was a
limitation when attempting a fracture cross section with the FEGSEM equipment.
As a result a higher resolution (S)TEM technique was used. The images of the RF
and PDC films can be seen in Figure 4.7 and 4.8 respectively. As these samples have
been measured using a bright field detector the glass substrate appears white in the
image, which is not easily distinguished on a white background. These images are
all positioned such that the glass substrate is always at the bottom of the image,
with the scale bar overlaid. The black coating on top of the ITiO film is a sputtered
layer of platinum, required for the imaging. Looking at the RF ITiO samples, the
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Figure 4.4: XRD diffractograms of both the (a) RF deposited and (b) PDC deposited
ITiO thin films.
crystal structure appears to change between the 1, 5 and 10 mTorr samples. The 1
mTorr sample has poorly defined crystal grains in the cross section, unlike that seen
in the SEM image, which would suggest very good crystalline quality. The increase
in working pressure leads to a better definition of grain boundary, with pore channels
appearing in the 10 mTorr sample. The grains in the 10 mTorr sample are much more
narrow and less dense than those in the 5 mTorr sample, which explains the reduced
electrical performance in the film.
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(a) 1 mTorr
(b) 5 mTorr
(c) 10 mTorr
Figure 4.5: Scanning electron micrograph images of ITiO films deposited at (a) 1
mTorr, (b) 5 mTorr and (c) 10 mTorr with a RF power supply.
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(a) 1 mTorr
(b) 5 mTorr
(c) 10 mTorr
Figure 4.6: Scanning electron micrograph images of ITiO films deposited at (a) 1
mTorr, (b) 5 mTorr and (c) 10 mTorr with a PDC power supply.
59
CHAPTER 4. HMTCOS FOR USE IN TANDEM SOLAR CELLS
(a) 1 mTorr (b) 5 mTorr
(c) 10 mTorr
Figure 4.7: Scanning transmission electron micrograph cross section images of the
ITiO films deposited at (a) 1 mTorr, (b) 5 mTorr and (c) 10 mTorr by a RF power
supply.
From looking at the PDC film cross sections it becomes apparent that the use of
a pulsed DC power supply does indeed produce differences in the crystal structure
when compared to RF deposited films, particularly at lower working pressures. This
confirms the XRD patterns seen previously, where the RF has a preferred orientation
in the (222) plane. The grains in the PDC film appear to be in a more random
orientation when compared to the RF films, as this occurs so does the size, where the
columnar grains are more narrow. This may explain the slight reduction in mobility.
As these ITiO substrates are intended for use with dye-sensitised solar cells they
must be suitably resilient to the thermal and chemical processes used during fabri-
cation. Iit is unlikely that the slight differences in crystal structure will affect the
resilience of the ITiO film to these processes, it may change the adhesion of the TiO2
semiconductor layer to the ITiO surface. Tin oxide has been successfully used as a
buffer layer to increase the adhesion of TiO2 to the substrate, however the change
in orientation and structural differences may possibly require further optimisation for
the PDC ITiO films. As a result an ITiO film was deposited each for the RF and PDC
60
CHAPTER 4. HMTCOS FOR USE IN TANDEM SOLAR CELLS
power supply at a working pressure of 1 mTorr. This sample was however deposited
to a thickness greater than 200 nm, to deliver an appropriate sheet resistance for
use in solar cells. From the equation given previously, we can estimate the thickness
required to produce a film with a desired sheet resistance, by t = ρ/Rsheet
(a) 1 mTorr (b) 5 mTorr
(c) 10 mTorr
Figure 4.8: Scanning transmission electron micrograph cross section images of the
ITiO films deposited by a PDC power supply at (a) 1 mTorr, (b) 5 mTorr and (c)
10 mTorr. An increased working pressure leads to a greater amount of crystal grains
with a greater frequency of pinholes. Compared with the RF deposited 1 mTorr ITiO
film the 1 mTorr PDC film appears to have poorer crystallinity and may explain the
reduction in electrical performance.
Dye-sensitised solar cells were deposited onto ITiO substrates as detailed in the
experimental methodology chapter, with slight modification. To prevent delamination
of the TiO2 electrode, a 100 nm thick layer of SnO2 was deposited immediately after
the deposition of the ITiO films. The ITiO films were deposited separately and
measured to check the required sheet resistance and film thicknesses were correct. The
ITiO films were both cut into 2.5 x 5 cm pieces and placed in the chamber together
for the SnO2 deposition. This ensures that the SnO2 layer is uniformly deposited to
the same thicknesses for both ITiO films. The SnO2 films were deposited in a similar
method to that reported previously [104].
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Following the deposition of a 100 nm layer of SnO2 the substrate is then ready
for the DSC fabrication process. Tandem DSC/CIGS devices require a higher trans-
mission of light in the near-infrared which renders the light scattering layer often
employed in DSCs detrimental to the performance of a completed tandem device. As
a result the TiO2 layer was only deposited using the transparent TiO2 paste and to a
thickness of 8 µm.
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Figure 4.9: I-V curves for DSCs fabricated on ITiO deposited by (a) RF and (b) PDC
power supplies. All DSC electrodes were screen printed with a mesh diameter of 6
mm and a total area size of 0.28 cm2.
The I-V curves of the DSCs fabricated on the ITiO/SnO2 substrates can be seen
in Figure 4.9 and the characteristics are tabulated in Table 4.4. Although there is a
marginal difference in efficiency between the two sets of devices, it can be observed that
ITiO deposited by either method will produce solar cells of equivalent performance.
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Table 4.4: Device parameters of DSCs fabricated on both RF and PDC deposited
ITiO films (13A0314 and 13A0337 respectively).
RF DSC PDC DSC
Voc/(V) 0.72 0.73
Jsc/(mA.cm
−2) 15.7 15.3
FF/(%) 60 58
Efficiency/(%) 6.8 6.6
4.4 Conclusion
High mobility TCOs such as ITiO could be vital in developing tandem DSC/CIGS
solar cells and other tandem technologies. The success of these technologies depends
upon their cost and efficiency, so that it is crucial that each part of the device be
optimised. This chapter has demonstrated that ITiO may be deposited at faster rate
using a pulsed DC power supply over an RF power supply. This faster rate appears
to have no trade off, as the ITiO layers have comparable performance to the RF
deposited ITiO films, even when incorporated into a DSC solar cell. Slight differences
appear in the crystallites of the pulsed PDC film, but these appear to have no affect
on the film performance. Pulsed DC sputtering is a much cheaper option than RF
sputtering and it is already widely used. As a result ITiO films may be deposited
more cost effectively and on a larger scale, given that it is compatible with sputtering
by this technique.
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Chapter 5
THE MONOLITHIC
DYE-SENSITISED/Cu(In,Ga)Se2
TANDEM SOLAR CELL
5.1 Introduction
In order to produce a solar cell capable with efficiencies higher than the Shockley-
Quiesser theoretical limit, two or more cells with different band gaps must be combined
to form a multi-junction solar cell. Currently the most efficient devices to date em-
ploy this architecture (InGaP/GaAs/InGaAs) but are also amongst some of the most
expensive. Silicon solar cells have so far dominated the PV market for several reasons,
but one of the most important of these is their high efficiency relative to their cost.
As with any industry, new methods to reduce the cost of manufacturing have been
sought. This has delivered several novel methods which often emphasise non-vacuum
techniques, either to compliment vacuum techniques for an existing technology (such
as hydrazine deposited CIGS) or to stand alone (such as DSCs). These non-vacuum
technique devices often have lower efficiencies relative to their vacuum counterparts,
but offer the advantage of a lower production cost. Although these technologies have
not been widely deployed in industry yet, the research output into DSCs since their
seminal paper highlights the interest in these low cost technologies.
The incorporation of a dye-sensitised solar cell (DSC) and a Cu(In,Ga)Se2 solar
cell into a tandem device is a potential way to deliver a high efficiency, low cost solar
cell. As described previously both devices can make use of non-vacuum deposition
techniques whilst demonstrating efficiencies greater than 10 %. The devices on their
own have a complimentary absorption overlap, which covers the range of wavelengths
between 400 - 1200 nm. The DSC may also be easily tailored to suit certain operating
requirements, which in a multi-junction device can require ingenuity to solve. The
thickness of the TiO2 layer can be easily adjusted, leading to a change in current
density (a thicker layer results in a higher current density) and as a result transparency,
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whilst different dyes may be selected to tune the absorption profile. The EQE curves
of both a DSC and CIGS solar cell can be seen in Figure 5.1. An increase in bandgap
(shorter wavelength) leads to a greater voltage, but a smaller current density. The
same is true in reverse, a reduction in bandgap reads to a lower voltage and larger
current density. As a result tandem solar cells must not only be configured with
absorbers to utilise all of the available light, but must also be configured electronically
to counteract the differences in voltage and current between the two separate cells.
This was demonstrated using both a single DSC cell and single CIGS cell, which were
placed one atop the other and connected in series for measurement [31]. This physical
stacking of the two individual devices delivered an encouraging device efficiency of
15 %. Interestingly this tandem device delivered such a high efficiency despite not
having the two device currents matched. Current matching of PV devices in a series
connection, both physically connected (such as cells in a module) or in a multi-junction
device is paramount to high performance.
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Figure 5.1: The External Quantum Efficiency (EQE) of both a dye-sensitised and
Cu(In,Ga)Se2 solar cell, detailing the increased spectrum absorption through the use
of two absorbers.
Despite these encouraging results the described stacked tandem cell is non-optimal,
using excess materials which could potentially be reduced. Replacement of the DSC
counter electrode with the CIGS cell itself would eliminate the need to wire the device
up externally for measurement and operation, whilst reducing the use of glass and
index matching material. This would yield a monolithic tandem cell, with fewer
optical losses brought about from the DSC counter electrode. This should in theory
allow more light to pass to the CIGS absorber, allowing for a thicker TiO2 layer,
leading to increased photocurrent and therefore a higher efficiency [106][107]. This
also requires a degree of planning prior to fabrication, as failure to current match the
monolithic design could lead to a reduced fill factor, due to the ’hump’ seen in the
stacked tandems I-V curve [31].
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5.2 Progress on a Monolithic Design
It is possible to connect two separate devices either in series or parallel, either to
increase the voltage or the current. Some multi-junction devices are configured in
such a way that it is possible to select either. However a monolithic device is typically
configured in a series configuration, leading to a greater voltage, but requires current
matching. Current matching is performed such that both cells output an equivalent
current, failure to do this results in the lower performing device from determining the
overall tandem performance.
Fabrication of a DSC/CIGS tandem solar cell is not too dissimilar to that of
a normal DSC. Instead of sealing the DSC TiO2 electrode and counter electrode
together with the Suryln™gasket, with the electrolyte filled from a port on the counter
electrode, the CIGS cell is instead used in place of the counter electrode. Other
modifications are to move the fill port to the top glass substrate and to deposit a
platinum layer on top of the CIGS cell prior to sealing with the DSC. Due to the
temperatures used to do this using Platisol™, the layer is instead sputtered from a
benchtop unit to a thickness of approx. 10 nm.
Figure 5.2: A schematic cross section of the monolithic DSC/Cu(In,Ga)Se2 tandem
solar cell.
To date the highest efficiency for a monolithic DSC/CIGS solar cell is 12.2 %, which
is substantially lower than that of the stacked device considering the reduced optical
losses [108]. The tandem is able to generate an open circuit voltage close to that of the
two cells combined and generated a slightly lower short circuit current than the DSC.
The reduction in voltage may be explained by the reduction in photons available after
passing through the top cell, which is also responsible for current matching the CIGS
cell. Of the two devices the DSC has the limiting current and as a result, efficiency.
Because of this there is no advantage of using a high efficiency CIGS cell, such as the
devices close to 20 %. To this extent CIGS devices with efficiencies in the range of 10-
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12 % have been used previously, as well as in the work presented later in this chapter.
These lower efficiency devices typically deliver a lower current density, fill factor and
to a lesser extent open circuit voltage. However with these cells it is possible to realise
a tandem cell with a greater overall efficiency than the highest performing single cell
(often the CIGS cell). Although the CIGS cells used to date have been deposited by
vacuum evaporation, the performance of lower efficiency CIGS devices is comparable
to those deposited by non vacuum techniques.
Monolithic devices do suffer one potentially fatal drawback, in that the electrolyte
used to regenerate the TiO2 electrode and form a contact between the DSC and CIGS
devices causes a breakdown of the CIGS absorber. Within several hours of the device
being assembled the I-V curve begins to resemble an I-V curve of a single DSC. Further
investigation found that the I−/I−3 species present in the electrolyte was responsible
for the corrosion of the CIGS film [109].
5.3 Measurement of a DSC/CIGS Tandem Device
I-V measurements of the DSC/CIGS tandem requires some modification of what is
perceived as standard operating procedures for measuring a singular DSC. Standard
low-cost solar simulators matched to the AM 1.5G spectrum use a xenon arc light
source. These simulators have a similar irradiance profile to the visible spectrum,
which is adjusted to better fit AM 1.5 through the use of a filter. Despite this, xenon
arc light source simulators have large intense peaks in wavelengths approaching the
near IR, particularly between 800 - 900 nm [110]. Before any kind of measurement the
simulator must be calibrated with a reference diode (which usually has been calibrated
to a world class simulator, such as at NREL, AIST or FHR). This calibration places
the reference photodiode in the illuminated part of the simulator and a short circuit
current is displayed. The illuminated section of the simulator is able to move toward or
away from the light source, to increase or decrease the light intensity. The photodiode
is moved up/down until the correct, known calibrated current is displayed, which
identifies that the simulator is calibrated to AM 1.5G.
The choice of reference cell for simulator calibration is important, the absorption
profile of the reference cell used should be as similar to the absorption profile of the
device to be measured. Typically for DSCs the reference is a silicon photodiode, which
has as similar absorption profile to a DSC. However this reference cell does absorb in
the region of the xenon arc peaks not defined in AM 1.5G between 800 - 900 nm. As the
calibration of the simulator would take these peaks into consideration and the DSC is
unable to absorb them, it is necessary to have a cut-off filter on the reference cell when
calibrating the simulator. This ensures that the irradiance is a realistic representation
of that which a DSC can absorb, leading to a more accurate measurement. This I-
V measurement can then be corroborated with an EQE measurement to check the
current density output for the device is similar, to confirm the accuracy of the solar
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simulator.
DSC/CIGS tandem cells are measured in a similar fashion to that of CIGS cells,
which use a solar simulator calibrated without a cut-off filter. If a DSC were to be
measured on the simulator calibrated to (a) the normal reference and (b) the IR cut-
off reference we would see a DSC with a lower current and efficiency in (a) than in (b).
As a result this would mean that a tandem solar cell, which is limited to the current
of the lowest performing absorber (the DSC), would have an overall reduced current.
If the IR cut-off calibration were to be used, the current in the CIGS device would
also increase, potentially causing current mismatching. An ideal solution would be to
use a dual source solar simulator, which uses both a xenon and halogen light source
to better replicate the AM 1.5G spectrum. Unfortunately these simulators are not as
common as xenon simulators and as a result has not been used in the work presented
in this thesis. Given the inherent instability of DSC/CIGS devices, it was not possible
to send any working devices for characterisation at other laboratories.
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Figure 5.3: I-V curves of the single DSC finished with a typical FTO counter electrode
and a CIGS device.
Table 5.1: Comparison of the performance of a typical DSC using fluorine-doped tin
oxide as the TCO, a DSC using ITiO as the TCO and a CIGS solar cell. Light
scattering layers were used in both DSCs.
DSC (FTO) DSC (ITiO) CIGS
Voc/(V) 0.77 0.70 0.65
Jsc/(mA.cm
−2) 16.85 14.39 30.83
FF/(%) 73 69 57
Efficiency/(%) 9.5 7.0 11.5
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5.3.1 Results
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Figure 5.4: I-V curves of the monolithic tandem cell, fabricated following a reported
method [108]. Two measurements are shown to highlight the differences between
using a mask to measure the cell area and estimating the cell area using the area of
the screen printer used to deposit the TiO2 electrodes.
Table 5.2: Performance parameters of the monolithic tandem cell when masked to an
area of 0.196 cm2 or unmasked with the area estimated at 0.282 cm2.
Tandem (Masked) Tandem (No Mask)
Voc/(V) 0.85 1.2
Jsc/(mA.cm
−2) 13.58 12.98
FF/(%) 67 79
Efficiency/(%) 7.8 12.4
5.3.2 Effects of Shading
In Chapter 2, the importance of masking a DSC during I-V measurements was briefly
discussed. This procedure is required to accurately define the area of the DSC to a
known pre-measured area of the mask. This ensures an accurate photon conversion
efficiency measurement, as the cell area is required as part of the calculation. Appli-
cation of this procedure to a DSC/CIGS solar cell must be continued, as the area of
the DSC photoanode still may not be accurately determined prior to taking an I-V
measurement.
Measurements of the tandem cells seen previously were taken immediately after
the non masked measurements, prior to the onset of device breakdown. Interestingly
the device sees a significant reduction in performance with the application of a mask
during measurement. The primary cause of this reduced performance is the reduced
voltage, which is almost 20 % less than the unshaded device. This change is not
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attributed to the DSC top cell, as masking the device does not affect the device
voltage, only the output current obtained. This difference in performance due to the
application of an opaque mask can be attributed to the shading of the CIGS absorber
layer. The effects of shading on PV systems is well documented, causing losses in
both voltage and current. The effect of full and partial shading on an ideal thin film
PV device (such as CIGS) can be seen in Figure 5.5. The overall shape of the I-V
curve is kept fairly constant, with no changes in series or shunt resistances. To this
extent the curve appears to be vertically translated to the x axis to finally represent
a typical dark I-V curve when it is completely shaded.
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Figure 5.5: I-V curves of a modelled PV device, shaded at different percentages to
demonstrate the effect of partial shading on the performance of a PV device.
This effect of the I-V curve being translated up the x axis is not seen in a DSC,
instead the current output decreases as the illumination decreases, retaining the same
voltage despite the amount of illumination received [43]. Currently the architecture
used in a DSC/CIGS tandem is similar to a regular DSC, except the platinised FTO
counter electrode is removed from the DSC and replaced with a CIGS cell. Typically
the counter electrodes are cut to the dimensions with an area of 2.1 cm2, which is
significantly lower than the area (0.196 cm2) of the mask used to measure the tandem
device. However although the CIGS substrate is cut to these dimensions, a small
portion must be mechanically removed to leave the bare molybdenum layer, so that
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a contact may be taken from the device once assembled. Even with a portion of the
absorber layer removed the CIGS layer still has an active area of approximately 1.8
cm2.
5.4 Optimisation of Optical Parameters in the Mono-
lithic Tandem Cell for Enhanced Performance
To reduce the detrimental effects of shading on the CIGS absorber in the DSC/CIGS
device it is necessary to remove as much of the excess CIGS layer as possible. Excess
CIGS is considered to be any of the layer that is not illuminated when a mask is
applied to the completed tandem device. Ideally the CIGS layer would be the same
area as the mask used when measuring the devices, however this would result in a
CIGS cell with a smaller area than the DSC anode and gasket. This is an issue as
the electrolyte from the DSC would be able to contact the bare Mo layer left from
removing excess CIGS, leading to a shunting pathway in the tandem device. TiO2
electrodes are screen printed in the shape of a circle, which requires a circular gasket.
This therefore requires the CIGS to be removed in such a fashion that it is slightly
greater than the gasket area. This would cause the gasket to be sealed on the top of
the CIGS layer, ensuring that no electrolyte is brought into contact with the Mo back
contact. A further consideration is the electrolyte filling port that is now present at
the top of the device. This port must not be in close proximity to the TiO2 electrode,
otherwise the watch glass cover will obstruct the top of the device. The ideal location
is far enough away from the electrode so as not to cause obstruction, however this
requires the gasket to be widened to enable the port to fill the assemble cell with
electrolyte. This then in turn requires a small amount of CIGS, directly underneath
the relocated port, to not be removed. The modifications to the CIGS layer before
assembly into a tandem device may be seen in Figure 5.6.
Modification to the CIGS layer was again carried out by mechanically removing
the layer from the Mo substrate through the use of a sharp knife blade. Care was
taken not to disrupt the remaining active layer, nor to damage the Mo back contact.
As it is not possible to define the area needed to be removed through the use of
any measurement equipment, merely to carefully etch some CIGS material off, place
the gasket on top and check it will overlap and then remove any further material as
required. This is quite a time consuming process and would have to be significantly
simplified if a DSC/CIGS tandem were to be considered for any sort of commercial
application.
Following fabrication as outlined previously with the applied modifications, I-V
measurements were immediately taken with and without the use of the mask. The
improvements to the I-V curve can be seen in Figure 5.7, where a marked improvement
in Voc can be seen in the masked device. This device is able to demonstrate a Voc
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Figure 5.6: A photograph depicting the modifications to the CIGS layer necessary to
reduce shading losses from measurement of the DSC/CIGS tandem, whilst eliminating
potential shunting pathways from contact between the liquid electrolyte and Mo back
contact.
of 1.2 V, close to the sum of the two separate absorbers, 1.3 V. Both the masked
and unmasked measurements show similar curves, with little differences to suggest
any change in sheet and shunt resistances. Interestingly though is the difference in
current density between the two measurements. Unlike the tandem device with the
larger CIGS area, the small area CIGS tandem cell has a lower Jsc when masked than
when unmasked. In addition the reduced area tandem cell has a much lower Jsc than
that of its large CIGS area device counterpart, when both are masked. This sudden
reduction in current density would seem to be brought about by the reduction in area
of the CIGS absorber layer. However it is difficult to determine the uncertainty of
the unmasked measurement, considering the area may be lower than predicted when
calculating the current density from current measured.
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Figure 5.7: I-V measurements of the monolithic tandem device with a reduced CIGS
area, measured with both the mask and without the mask.
Table 5.3: Performance of the reduced CIGS area monolithic tandem device measured
with both the mask and without, detailing the similarities between both devices.
Tandem (Masked) Tandem (No Mask)
Voc/(V) 1.2 1.3
Jsc/(mA.cm
−2) 11.20 13.38
FF/(%) 67 71
Efficiency/(%) 9.4 12.3
It is possible to attribute the lower current density to several factors. TiO2 elec-
trodes prepared by screen printing are typically more consistent in producing similar
performance devices, but requires a degree of experience and skill to do this. Even
competence in this technique can lead to variance in quality of electrodes, typically
responsible for higher sheet resistances and lower current densities in DSCs.
5.4.1 Improvements
Evidently there are some limitations in the current DSC/CIGS device, both in fab-
rication and choice of materials. Even with the reduction in area of the CIGS there
is a large area still shaded during measurements. Whilst this is a practical concern
for accurate measurement of the device’s photon conversion efficiency, it is also using
an excess of material which could be otherwise saved. Ideally the CIGS area should
match that of the DSC, or even the mask used to measure the finished tandem cell.
However the latter is impractical due to the inability to view through what would be
the larger DSC electrode to line up the mask with the CIGS absorber. Ideally the
CIGS would be deposited in such a fashion that it would match the shape/area of
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the DSC electrode, however as the cells are only supplied on a 5 x 5 cm substrate an
alternative solution was sought.
Two problems must be overcome to match the area of the CIGS layer to the DSC
electrode, the CIGS area must be much more closely matched to the DSC electrode
area using a more accurate method of removal from the substrate to further reduce
shading losses and as a result there must be a solution to shunting pathways created
by contact of the electrolyte with the Mo back contact. A potential solution to the
shunting pathway would be to deposit a highly resistive material on the exposed Mo
contact, to confine electrical contacting between the electrolyte and CIGS layer.
A candidate material is silicon dioxide (SiO2, or silica) which is a highly resistive
transparent material, which may be deposited at room temperature using sputtering
apparatus. This material is typically used as an anti-reflective coating on some types
of solar cell and as a result is currently used in industry. To test the suitability of
silica as a resistive layer to prevent shunting pathways in a reduced area CIGS tandem
device, a series of DSCs were fabricated with different thicknesses of silica deposited
on their counter electrodes. The thicknesses deposited were 300, 600 and 900 nm by
pulsed DC magnetron sputtering from a SiO2 target. The I-V curves of these devices
are shown in Figure 5.8, compared with a reference DSC without a silica layer.
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Figure 5.8: I-V curves of several DSCs fabricated with various thicknesses of SiO2
deposited on the platinised counter electrode, detailing the resistive losses in the
device.
As expected the thicker the SiO2 layer, the greater the series resistance seen in the
device I-V curve. Interestingly it takes a very thick layer of 3 microns to suppress a
large proportion of the current generation in the DSC, however the device is still able
to generate an open circuit voltage under illumination comparable to the reference
cell. A layer this resistive should prevent a great deal of losses through the lack of
shunt resistance through the Mo/electrolyte interface. Application of this approach
to a working device can be a complication, as depositing this layer around the CIGS
to only come into contact with the Mo requires the use of a mask. Whilst masks
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are using in sputter deposition equipment, such as applying grid fingers onto singular
CIGS devices.
A way in which to remove the excess CIGS whilst also then allowing the sputtering
of SiO2 was devised. The use of a self-adhesive mask was employed to cover an area
of CIGS, whilst the entire substrate was submerged into a Br−/MeOH solution. This
solution is effective at etching semiconductor absorbers such as CdTe and CIGS. It
was seen that application of this mask and submersion accurately etched the area
required, without etching underneath the masked area. This would then allow for the
transfer of the substrate into sputtering equipment to deposit the SiO2 resistive layer.
A photograph of the self adhesive masks and their application onto a CIGS substrate
can be seen in Figure 5.9.
(a) The self adhesive masks used to ac-
curately etch CIGS
(b) Applied mask to CIGS layer prior to
etching
Figure 5.9: The self-adhesive mask used to etch a specific area of a CIGS absorber
Although successful at both preventing the etching of the desired area and allowing
the correct application of the silica layer, the adhesive used on the mask unfortunately
removed parts of the CIGS absorber as it was removed. Different approaches were
taken to remove this mask with care, such as the use of solvents to weaken or dissolve
the adhesive that would not further damage the CIGS, such as isopropyl alcohol.
Although in its current manifestation the mask damages the CIGS layer to render it
useless in a tandem device, further investigation into more suitable adhesives could
potentially lead to the successful implementation of this method to fabricate a low
area CIGS tandem device.
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5.4.2 Potential Strategies to Eliminate Corrosion in the Tan-
dem Solar Cell
Initial attempts to prevent or even prolong the onset of electrolyte corrosion of the
CIGS layer were undertaken with the deposition of a thin 200 nm SnO2 layer. Ulti-
mately unsuccessful in prolonging the lifespan of the device, it has been seen previously
that other materials such as ZnO has only impeded the electrolyte corrosion for at
most 24 hours. Potentially the use of an electrolyte that does not contain the I−/I−3
redox shuttle would be the easiest to eliminate the corrosion. Many iodine/iodide
electrolytes have been developed and tested, but few are able to demonstrate efficien-
cies close to 10 %, which is a requirement for consideration in a tandem cell. One
electrolyte was used in an efficiency record holding DSC prior to the success of the
perovskite based cells. This electrolyte used a cobalt based redox shuttle, but re-
quired the use of a dye with specifically tailored energy levels. Use of this dye and
electrolyte in a tandem setup would require a degree of modelling to determine the
CIGS absorber needed to maximise efficiency, as this dye has only been tested using
a combination of transparent and scattering TiO2 pastes.
Another method to eliminate the corrosion would be to replace the ITO/AZO
layer on the CIGS cell with an amorphous TCO. Amorphous TCOs have several
benefits over ITO/AZO for use in CIGS solar cells. They can be deposited at room
temperature whilst still maintaining a good quality film and sheet resistance. These
TCOs have already been demonstrated to work well as the top contact in CIGS solar
cells, achieving comparable performance to a AZO/CIGS device [111]. The absence
of any grain boundaries may prevent the electrolyte from reaching the surface of the
CIGS layer, eliminating the corrosion of this layer. Application and development of
such a TCO is presented in the next chapter.
5.5 Conclusion
It has been demonstrated that the accurate measurement of a DSC/CIGS tandem
device requires further modifications to the tandem architecture from that presented
previously. Fabrication of a DSC/CIGS tandem device at a laboratory scale with
careful measurements has resulted in a loss of voltage, associated with shading losses
in the tandem device. These losses in open circuit voltage arise due to unintentional
shading of the series connected CIGS layer, introduced by masking the entire tandem
cell during measurements. This shading was eliminated through the matching of the
absorber area in both separate devices so that they were roughly equivalent. Although
successful in increasing the Voc the modified device did not completely match the
performance of the unmasked tandem device. In addition the modified tandem device
did not show as strong a Jsc as seen in the unmasked device.
Breakdown of the CIGS layer by the electrolyte is a serious drawback that must
76
CHAPTER 5. THE MONOLITHIC DSC/CIGS TANDEM SOLAR CELL
be addressed if the device is to prove its potential for commercialisation. Methods
to hopefully combat this corrosion have been identified, perhaps the most intriguing
being the use of an amorphous TCO, which is explored in the next chapter.
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Chapter 6
APPLICATION OF
AMORPHOUS TRANSPARENT
CONDUCTING OXIDES IN
TANDEM SOLAR CELLS
6.1 Introduction
The crucial functions that the TCO in a DSC/CIGS tandem solar cell must perform
are to allow a greater number of near-infrared photons into the device and to poten-
tially act as a barrier to in-situ corrosion/dissolution of the CIGS layer caused by the
DSC electrolyte. Attempts at using thin films such as ZnO and SnO2 have proved
unsuccessful, theorised that percolation of the electrolyte through grain boundaries in
the TCO leads to contact with the CIGS surface. The use of an amorphous material
could potentially prove effective to combat the device corrosion/dissolution, given the
lack of appreciable grain boundaries. This amorphous layer would need to demon-
strate the ability to not only impede the contact between the electrolyte and CIGS
surface, but also not interfere with the current and voltage of the completed tandem
as SiO2 has been shown to in the previous chapter. Any alteration in the device’s
electronic behaviour may have unwanted side effects or even manifest as parasitic
losses.
6.1.1 Amorphous Transparent Conducting Oxides
Amorphous TCOs are able to demonstrate the parameters required for application in
a DSC/CIGS tandem solar cell. These materials exhibit similar properties to their
crystalline counterparts however with slight differences in their electron transport. It
has been shown that the transport is not band tail limited, but dependent on the
ionicity of the bulk film [112]. This is due to the conduction band being derived
from spherically symmetric, heavy metal cation ns orbitals with (n-1)d10ns0 (n ≥ 4)
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electronic configurations [112]. These relatively large atomic radii overlap with other
metal cations, leading to well defined conduction pathways regardless of the bulk film
structure. The formation of mixed metal oxide films should then in theory deliver
conductive thin films with defect states dictating the conduction process [112].
A potential advantage over crystalline TCOs is their ability to be deposited at
room temperature whilst still delivering a film capable of desired opto-electronic per-
formance unlike their crystalline counterparts. Whilst it is possible to deposit ITiO,
ITO and IMO at room temperature, higher deposition temperatures typically produce
better quality films and therefore more desirable opto-electronic properties for solar
cell applications [113]. The addition of the TCO as the last step in solar cell process-
ing often requires the TCO be deposited at lower temperatures due to the inherent
thermal instability of the solar cell absorber layer. For example the top contact in
a typical Cu(In,Ga)Se2 cell is ITO, this is deposited at a low or moderate tempera-
ture (not above 100 °C), as heating the unfinished device to deposit a higher quality
ITO film would cause irreversible damage to the functionality of the completed CIGS
device.
As a result the use and development of low temperature deposited TCOs are not
limited to the application required in this thesis, they may be utilised in other existing
applications.
6.2 Zinc oxide-doped indium oxide thin films
Zinc oxide-doped indium oxide (IZO) is an amorphous TCO (α-TCO), able to be
deposited at room temperature from a single ceramic target or by co-sputtering from
two separate indium oxide and zinc oxide targets. In a similar fashion to the way
the doping concentration affects the electronic performance of a TCO, the zinc oxide
concentration in the film dictates the crystallinity of the IZO film. It has been observed
that co-sputtering of IZO films from intrinsic In2O3 and ZnO targets produces an
amorphous film at a lower In at% than films produced from a single ceramic target
[114]. Crystalline films result from indium concentrations of either ≤45 at% or >80
at % with the desired α-TCO film deposited with an indium content of 40-80% [114].
Through the use of a single ceramic target the α-TCO film can instead be produced
from an indium concentration of 60-84 at % [115].
Annealing of IZO films at high temperatures in air causes a reduction in perfor-
mance, similar to most indium oxide based TCOs. This will require consideration
when incorporating IZO into existing procedures with DSC/CIGS solar cells, in ad-
dition it has been shown that heating IZO films in vacuum during deposition causes
recrystallisation of the film.
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6.2.1 Motivation
The deposition of TCOs at a low temperature is a great advantage to industrial
applied thin film coating services. As previously mentioned it is possible to deposit
TCOs at lower temperatures, such as room temperature, but with a reduction in
opto-electrical performance. Whilst this is not ideal for optimum performance it is
often employed in industry given the significant cost reduction for some applications
it is also unavoidable. For example the sputtering system used in this thesis is capable
of heating a 10 cm x 10 cm substrate to 600 °C accomplished through the use of two
1 kW halogen bulbs. To achieve temperatures of 450 °C used for ITiO depositions
there is a 30 minute heating step to achieve the correct temperature through the use
of a PID. The cost associated in upward scaling this process would incur additional
costs. Commercially available TCOs are often deposited at room temperature which
do not perform as highly as TCOs deposited in research laboratories.
Many previous studies concentrate on the optimisation of the ZnO:In2O3 ratio
through the use of co-sputtering of intrinsic ZnO and In2O3 targets. Some have
focussed on the use of ceramic single targets but have not then focussed on the appli-
cation of the films deposited. For consistent results it is much easier to use a single
target which was chosen for use in this chapter. Although this reduces the amount
of direct control over the films electrical properties during deposition due to a lack
of control over compositional changes, it requires a less complicated characterisation
step, as a graded matrix does not need to be calculated for each film at each change
in atomic composition. Furthermore a great deal of optimisation work has already
been documented to detail the change in crystalline structure against concentration
of ZnO in bulk In2O3 films. The target composition was chosen at 10 % wt ZnO in 90
% wt In2O3 using a RF power supply, as this has been the most documented and is
also more readily available for purchasing, suggesting a more popular choice amongst
other institutions.
Thin films of IZO were deposited to assess their suitability, first as a TCO to re-
place the ITO/AZO commonly used in CIGS solar cells. The transmission and elec-
tronic properties of IZO must ideally be equivalent or superior to existing ITO/AZO
films. Following this the suitability as a barrier for electrolytic corrosion/dissolution
of the CIGS device layer may be determined.
6.2.2 Results
Initial trials with a ceramic target proved unsuccessful in establishing a plasma at
power densities, typically used for other non conducting materials. Discussion with
other research groups revealed that the density of the IZO target is paramount to
successful target operation. The IZO density can conveniently be identified by the
colour of the target surface, a yellow surface is indicative of a lower and incorrect
density that was not exactly specified by the manufacturer. A correct green surface
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yields a density of greater than 95 % and will sustain a plasma to deposit useful
films. The correct colour target was obtained and initial results delivered transparent,
conducting films with promising performance. At the time of these initial trials most
literature had been concerned with the co-sputtering of IZO from separate intrinsic
targets and very little had been published regarding the trends and characteristics
seen from ceramic deposited films.
To fully understand the effect of deposition parameters on the film properties,
optimisation similar to that of ITiO was carried out to document the effect of tem-
perature and pressure on the IZO films. Following the burning in of the new target an
initial film was deposited using similar parameters to ITiO as a familiar starting point.
The optoelectronic properties of this first film, A130038, are given in Figure 6.1.
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Figure 6.1: Transmission properties of the first IZO film, 13A0038, deposited from
a ceramic target. The film was deposited with a RF power supply at 150 W and a
pressure of 1 mTorr for 60 minutes.
Several films were deposited using these parameters to deliver consistent results.
Although the transmission of the IZO film is not a vast improvement over current ITO
films, further optimisation such as the addition of oxygen during deposition would
increase transmission. To determine the deposition parameters required to deposit
a film with optimum properties for use in a tandem solar cell a series of depositions
were set up similarly to ITiO and their resulting electrical properties are summarised
in Table 6.2, whilst the optical data are presented in Figure 6.2.
As has been demonstrated an increase in temperature during deposition of IZO
leads to a reduced performance in both electrical and optical performance [116]. It
can be seen in Figure 6.2 that transmission is reduced in the near-infrared with in-
creased deposition temperature, further demonstrating the potential of IZO in low
temperature applications. Similarly to ITiO a reduced deposition pressure also leads
to a more transparent film and the same is true of an increased oxygen presence, up
to 1 % v/v O2 / Ar. Further films were deposited with an oxygen content of 10 % v/v
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Table 6.1: Deposition parameters for the optimisation of IZO thin films.
Sample Power Temp/ Power/ Pressure/ Deposition/ Oxygen in Plasma/
Name Supply (°C) (W) (mTorr) Time (%)
(mins)
13A0038 RF RT 150 1 60 0
13A0037 RF 100 150 1 60 0
13A0040 RF 200 150 1 60 0
13A0043 RF RT 150 1 30 0
13A0036 RF RT 150 2 30 0
13A0044 RF RT 150 5 30 0
13A0045 RF RT 150 10 30 0
13A0047 RF RT 150 10 30 0.1
13A0048 RF RT 150 10 30 1
13A0062 RF RT 180 1 30 1
13A0063 RF RT 120 1 30 1
13A0065 RF RT 120 1 60 1
, the results are not displayed as these films were very thin due to a greatly reduced
rate of deposition and were not electrically conductive.
Table 6.2: Electronic parameters of all IZO films deposited during optimisation.
Sample Sheet Film Mobility/ Resistivity/ Carrier
Name Resistance/ Thickness/ (cm2.V−1.s−1) x10−4(ohm.cm) Conc./
(Ω/ ) (nm) x1020(cm−3)
13A0038 10.6 365 33.7 3.74 4.90
13A0037 9.4 360 34.0 3.39 5.30
13A0040 9.2 368 33.0 3.48 5.30
13A0043 20.4 172 40.0 3.44 4.50
13A0036 24.0 165 34.6 3.69 4.90
13A0044 28.2 143 24.2 3.91 5.10
13A0045 o/s 120 20.9 4.81 4.98
13A0047 21.0 197 37.2 4.01 4.10
13A0048 19.2 181 48.1 3.80 3.37
13A0062 16.3 212 48.0 3.64 3.50
13A0063 28.2 154 52.3 4.77 2.40
13A0065 13.9 265 49.8 3.99 3.13
Typically for AZO and ITiO an increase in oxygen content from 0 to a maximum
during deposition can lead to a reduced mobility, increased resistivity and a higher
sheet resistance until a peak is reached, beyond which further increasing the oxygen
content will diminish the performance of the film. Interestingly for IZO this trend is
identical despite the differences in crystallinity between the two material systems. The
changes in temperature and pressure interestingly do not affect the resistivity of any
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film to the extent of AZO/ITiO, although the carrier concentration does vary. The
most influential parameter observed that affects the film performance is the power
density. Increasing the power density whilst depositing crystalline TCOs typically
leads to a better quality film, which was seen with ITiO in chapter 4.
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Figure 6.2: Transmission vs wavelength for all IZO films deposited during the opti-
misation process, with varying (a) temperature, (b) pressure and (c) oxygen concen-
tration.
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Figure 6.3: Transmission vs wavelength for IZO films deposited at varying power
supplied to the target.
Relationship between the bandgap and IZO film thickness
Thicker TCO films not only have an overall reduced transmission, but the transmitted
light is redshifted, which is well understood in semiconductor films as the Burnstein-
Moss effect. As an increasing number of states in the conduction band are occupied
by carrier electrons, the bandgap of the TCO increases, giving an apparent redshift
of the optical transmission. A similar yet exaggerated effect is seen in IZO films,
perhaps a result of their amorphous structure. A series of films with thickness 100,
200, 300, 400 and 500 nm were deposited using the determined optimum deposition
parameters, with their electrical properties given in Table 6.3 and their optical per-
formance in Figure 6.4a. For comparison to a crystalline TCO the transmission of
varying thicknesses of AZO are also given in Figure 6.4b.
Table 6.3: Electrical characterisation of IZO thin films deposited at room temperature,
120 W and 1 mTorr.
Sample Sheet Film Mobility/ Resistivity/ Carrier
(deposition Resistance/ Thickness/ (cm2.V−1.s−1) x10−4(ohm.cm) Conc./
time, secs) (Ω/) (nm) x1020.(cm−3)
1200 42.3 85 54.0 3.67 3.15
2400 20.2 212 54.9 4.76 2.39
3600 13.1 308 52.1 4.26 2.82
4800 10.1 395 49.8 4.27 2.94
6000 8.3 492 61.4 4.23 2.40
As the film thicknesses of IZO increase, the carrier concentration only changes
within an order of magnitude, which is less significant as that seen in crystalline ITiO
films previously. The resistivity and mobility remain fairly constant, except for the
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500 nm thick film which has a 20 % increase in mobility compared to the average of
the other IZO films.
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Figure 6.4: Comparison of the redshift observed between the amorphous TCO, IZO
and crystalline AZO with increasing thickness.
The increase in bandgap with increasing thickness is explained in amorphous films
by the Urbach effect, originally documenting that an increase in temperature resulted
in a redshift of absorption co-efficient when working with photosensitive AgBr emul-
sions [117]. It was later determined that this effect also applied to non colloidal
solutions, but to disordered and ordered solids, being more pronounced in amorphous
solids, expanding on Urbach’s original observations [118]:
α = αoexp
σ(hω−Eo)
kBT (6.1)
Where α is the absorption co-efficient, hω is the photon energy, kBT and Eo and
σ are fitting parameters, with Eo proportional to
1
KBT
in Urbach’s seminal paper. It
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has previously been reported that it is possible for the thickness of an amorphous film
to affect the optical gap of an absorbing thin film [119]. It is possible to estimate the
optical gap (or band gap) from the transmission spectra of the IZO films, which are
seen in Figure 6.5 using the Tauc method. It can clearly be seen that an increase in film
thickness leads to a reduced band gap, causing a greater absorption of higher energy
photons. This is seen in the transmission spectra, by the reduction in transmission of
near UV/blue photons.
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Figure 6.5: A tauc plot, calculating the band gap of the IZO films by extrapolation
of the x axis intercept of the linear function for the plot of (αhν)0.5(eV2cm−2) vs hν.
It is already well documented that the absorption of near-infrared photons by free
carrier electrons takes place in transparent conducting oxides and has been covered in
this thesis by developing high mobility, low free carrier electron TCOs such as ITiO in
chapter 4. However the cause of the reduced optical gap with increased temperature,
detailed by the Urbach’s original research is not fully understood [120]. The cause
of this optical effect is generally attributed to Urbach Tails, whereby the valence and
conduction bands of a binary semiconductor material become blurred, which can be
seen in Figure 6.6. The typical band structure of a solid material is given on the
left, with well defined conduction and valence bands. The right details the Urbach
tails in blue, giving rise to the blurred conduction and valence bands described. This
ultimately reduces the bandgap, but the distribution of energy states are less ordered.
This effect is believed to be influenced by temperature, dopant concentration and
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disorder in the structure.
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Figure 6.6: The Urbach tailing scheme, as outlined by Boubaker [120].
This reduction in transmission of near UV photons can therefore be explained by
Urbach tailing, as IZO is an amorphous material. Given the array of causes of the
optical gap variation this was not explored further, as it does not affect its suitability
as a TCO in PV devices.
6.3 Prevention of Electrolytic Removal of CIGS
in a DSC/ CIGS Tandem by Incorporating an
Amorphous Transparent Conducting Oxide
6.3.1 Motivation
In a DSC/CIGS tandem solar cell the removal of the CIGS layer by the electrolyte
is a major concern, requiring exploration of alternative device configurations and
materials. Having speculated that the cause of the device breakdown is caused by
percolation through the grain boundaries of the conventional TCOs used in CIGS
solar cells, the use of an amorphous TCO could be a suitable solution. Previously
a thin layer of SnO2 and ZnO have been used in an attempt to stave off the CIGS
removal, deposited by RF magnetron sputtering and atomic layer deposition (ALD)
respectively[104],[109]. These methods under the right circumstances produce high
quality crystalline films and as seen for ITiO in chapter 4, have the potential to deposit
films with higher epitaxy. These methods and films merely slightly increased the time
before the DSC/CIGS device performance was compromised. Potentially through the
use of an amorphous thin film the percolation of the electrolyte through the film will
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be prevented, potentially delivering stable long term operation of the tandem solar
cell.
IZO has already been shown to function well as the top contact in a CIGS device,
delivering comparable performance to ITO/AZO coated cells whilst also remaining
stable in a humid environment, which also typically degrades CIGS PV devices [111].
The effects of humidity on the TCO layer should be quite different to that of the
electrolyte, which will be in constant contact with the TCO surface during the life-
time of the device. Determining the suitability of IZO as an effective barrier to the
electrolytic breakdown of CIGS has to be simplified for effective analysis. Previously
the measurement of the corrosion/dissolution has been determined through the use
of SEM to look for particular sites of corrosion/dissolution following the failure of
the device. To simplify this analysis a substitute material to CIGS was used so that
standard optical analysis could be used to track any removal of the CIGS that may
have occurred.
Gold is susceptible to dissolution from the electrolyte used in DSCs, such that
a thin layer (ca. 40 nm) can be etched by 1 ml of the electrolyte. The gold layer
can typically be dissolved in 10-30 seconds and the colour of the gold layer makes
for easier analysis using optical microscopy. The layers sputtered adhere poorly onto
glass and as such a 100 nm layer of SnO2was deposited onto a glass substrate prior
to the gold layer to increase adhesion to the substrate.
6.3.2 Results
Initially a 200 nm layer of AZO was deposited over the SnO2/Au stack to validate
the ability to measure the dissolution of the gold layer. A much thinner AZO layer
was used given the apparent mobility of the electrolyte through it. This SnO2/Au-
AZO layer was submerged in an electrolyte solution for 60 minutes and another for 120
minutes after which care was taken to remove excess electrolyte by rinsing with water,
then iso-propyl alcohol. The films were then viewed under a Jeol optical microscope
at varying magnification and images captured using video capture equipment.
The results from the AZO stack can be seen in Figure 6.7, which shows the extent
of the dissolution that can occur through the crystalline AZO film. In the AZO
films submerged for 60 mins the electrolyte appears to percolate through pinholes
in the film surface, either present in the film before immersion or as a result of the
dissolution process. The gold film has almost entirely been dissolved and it is only
partially visible. Furthermore the AZO film has begun to crack and lift away from
the surface, leading to the complete removal of gold below it. The cracks only appear
directly above where the gold film originated, as seen in image (a). After 120 minutes
the gold film has been completely removed from the SnO2 surface, leaving a fractured
AZO film above it. Given the dissolution rate through after 60 minutes this is to be
expected and helps to highlight, yet exaggerating due to the use of another material,
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the effect seen in CIGS solar cells.
(a) 60 mins (b) 60 mins
(c) 60 mins (d) 60 mins
(e) 120 mins (f) 120 mins
(g) 120 mins (h) 120 mins
Figure 6.7: The SnO2/Au/AZO (200 nm) stack under magnification following (a)-(d)
60 minutes immersion and (e)-(h) 120 minutes immersion in DSC electrolyte.
Increasing the thickness of the AZO layer to 1 µm gives a film closer to that
typically used in CIGS solar cells. Three samples were prepared and submerged for
60, 120 and 180 minutes to investigate the effects on the gold layer and AZO film.
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The effects may be seen in Figure 6.8 for all three samples. The pattern of the gold
layer removal is now more easily visualised, with the dissolution sites appearing to
centre around the pinholes already seen in Figure 6.7. In addition the much thicker
film has not begun to crack apart, the reason for this could potentially be due to less
stress on the structure as most of the gold layer is intact, it needs immersion in the
electrolyte longer or simply that the thicker AZO film is not as susceptible to this
effect. Zinc oxide based thin films are not typically chemically stable, with AZO able
to be etched by TiCl4 which is also true of IZO, which questions whether the pin holes
from which the electrolyte reaches the gold film is a result of chemical action on the
film surface, or are in fact intrinsic to the film due to the method of deposition.
(a) 60 mins (b) 60 mins
(c) 120 mins (d) 120 mins
(e) 180 mins (f) 180 mins
Figure 6.8: The SnO2/Au/AZO (1000 nm) stack under magnification following im-
mersion in DSC electrolyte for: (a)-(b) 60 minutes, (c)-(d) 120 minutes and (e)-(f)
180 minutes.
To test the potential of α-TCO to prevent dissolution of the Au, IZO was deposited
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onto the SnO2/Au layer using the same parameters as those optimised for use in a
tandem cell. This resulted in an approximately 200 nm thick IZO film on top of the
substrate stack - SnO2/Au/IZO. This stack was submerged into the same electrolyte
solution for180 minutes, delivering similar results to the AZO film after 60 minutes.
The effects of this can be see in Figure 6.9 with several pinholes present in the surface
of the film, leading to removal of the gold film below, with very little left. Different
to the AZO film though is the effect of the etching of the gold on the actual IZO film.
No cracks were visible in the surface of the IZO film, which could suggest that the
deformity of the AZO surface is caused due to stresses in the crystalline structure as
the film below is dissolved.
(a) 180 mins (b) 180 mins
(c) 180 mins (d) 180 mins
Figure 6.9: The SnO2/Au/IZO (ca.200 nm) stack under magnification following 180
minutes immersion in DSC electrolyte.
From Figure 6.9d it appears that the cause of the gold dissolution is similar to
that of AZO, via a pinhole in the surface of the film. This sample was particularly
difficult to analyse, as there very little gold left to focus upon. A second IZO stack
was deposited and submerged for 60, 120 and 180 minutes but was deposited instead
to a thickness of 500 nm. The results from the thicker IZO film stack can be seen
in Figure 6.10, depicting more clearly the effect of the gold removal on the IZO film.
After 60 minutes the electrolyte has been able to penetrate below the IZO film in
a similar way to the AZO films, via pinholes in the IZO. Curiously the dissolution
pattern is dissimilar to that of AZO seen in Figure 6.8. Linear streaks where the gold
has been etched are visible after 60 minutes, an alternative pathway perhaps than the
pinholes. Similarly to the thinner AZO film, the IZO film begins to crack in sites of
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gold removal, with this onset occurring in the 120 minutes samples. As the IZO film
is thicker than the 200 nm AZO film and that this was not seen after 180 minutes
in the 1000 nm AZO film, the cracking of the TCO likely occurring as a function of
thickness against time.
(a) 60 mins (b) 60 mins
(c) 120 mins (d) 120 mins
(e) 180 mins (f) 180 mins
Figure 6.10: The SnO2/Au/IZO (ca.500 nm) stack under magnification following
(a)-(b) 60 minutes, (c)-(d) 120 minutes and (e)-(f) 180 minutes immersion in DSC
electrolyte.
Finally a much thicker layer of IZO was deposited to a thickness of 3 µm to
test this hypothesis and determine whether a much thicker film was able to more
effectively resist dissolution by the electrolyte. Given the increased thickness, this
SnO2/Au/IZO (ca.3 µm) stack was analysed after immersion in electrolyte for 180
minutes. The results of this can be seen in Figure 6.11. As expected the gold film has
again been dissolved as a result of pathways through the IZO film. It would appear
that the gold film has been dissolved at pinholes in the film. Despite this the cracks
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in the films appear to be made up of a series of circular patterns resulting from gold
removal, with the centre of these circles directly under the crack. It could be suggested
that the gold removal occurs through the pinholes, eventually leading to cracking in
the film. This pattern had not easily been identified previously in the thinner IZO or
either AZO stacks.
(a) 180 mins (b) 180 mins
(c) 180 mins (d) 180 mins
Figure 6.11: The SnO2/Au/IZO (ca.3 µm) stack under magnification after 180 min-
utes immersion in DSC electrolyte
The subtle differences between the dissolution of the gold film from below the AZO
and IZO suggests that a difference in the structures of both films may be responsi-
ble. A further stack was deposited, however a deliberate change in the structure was
introduced to further attempt to prevent the removal of the gold layer. This was
attempted by depositing a bi-layer of IZO, with inspiration taken from how molyb-
denum is deposited onto soda-lime glass. To enhance the adhesion of molybdenum
to the glass substrate and reduce pinholes two layers are deposited, first a layer at a
relatively higher pressure to form a layer with less crystalline stress, but more pin-
holes. A second layer is immediately deposited at a lower pressure, to form the higher
quality film which delivers the superior electrical parameters required whilst filling
the pinholes in the layer below. Without this layer the molybdenum layer can peel
away from the glass substrate. ITiO deposited at varying pressures can affect the
crystallite appearance and density, leading to films with different characteristics, thus
the need for this method.
To form this bilayer stack, the SnO2 and gold layers were deposited as normal.
Following the deposition of the gold layer, the substrate was loaded into the AJA Orion
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8 sputtering system, where a ca.200 nm layer of IZO was deposited at a pressure of
10 mTorr, followed by a run of ca.200 nm of IZO at 1 mTorr. The sample was then
immersed as before in DSC electrolyte for 60, 120 and 180 minutes, the results can
be seen in Figure 6.12. It is immediately apparent that this bilayer does not enhance
the resistance of IZO to dissolution of the gold film, as nearly all of the gold layer
is removed after 180 minutes. After 120 minutes the IZO film appears to crack in
areas of complete gold removal, as has been seen consistently before. As such it
can be concluded that α-TCOs do not appear to be an effective barrier to the DSC
electrolyte, but are similar to their crystalline counterparts (ITO, AZO).
(a) 60 mins (b) 60 mins
(c) 120 mins (d) 120 mins
(e) 180 mins (f) 180 mins
Figure 6.12: The SnO2/Au/IZO bilayer stack under magnification following (a)-(b) 60
minutes, (c)-(d) 120 minutes and (e)-(f) 180 minutes immersion in DSC electrolyte.
The susceptibility of ZnO based TCOs to chemical and thermal extremes is well
documented and has been demonstrated again in this chapter. As part of a previous
thesis the use of protective layers deposited on top of AZO has been demonstrated
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by depositing layers of SnO2 onto AZO at varying thicknesses, to reduce the chemical
etching of a ITiO thin film by TiCl4. Although the layers were typically ineffective
when deposited as thin layers, thicker layers (ca. 800 nm) were able to prevent etching
of the AZO film underneath [121].
(a) 60 mins (b) 60 mins
(c) 60 mins (d) 60 mins
(e) 120 mins (f) 120 mins
(g) 120 mins (h) 120 mins
Figure 6.13: The SnO2/Au/SnO2 (1 µm) stack under magnification following (a)-(d)
60 minutes, (e)-(h) 120 minutes immersion in DSC electrolyte.
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Given the effectiveness demonstrated by SnO2 to prevent chemical attack by TiCl4
when used as a barrier with AZO/ITiO it would be expected to perform better than
that seen in Figure 6.13. The gold layer has been dissolved again in a mechanism
similar to that in AZO and IZO, via pinholes in the film.
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6.4 Conclusion
IZO has been shown to demonstrate optical and electrical performance desirable for
use in tandem solar cells for either the top or bottom absorber layer. Additional
benefits such as the possibility to be deposited at room temperature can potentially
lead to performance improvements when used in place of ITO/AZO in a CIGS solar
cell. Thicker IZO films exhibit a more pronounced absorption in the 200-300 nm range
when compared to crystalline TCOs, due to the Urbach effect, which may limit the
thickness (and therefore electrical performance) in some applications.
As a barrier to corrosion or dissolution of films deposited underneath it, it has
been demonstrated that amorphous materials that are also able to fulfil the criteria of
a TCO for the CIGS device is not possible. Several different materials were deposited
but were unable to show any way of deterring the movement of electrolyte to the
gold interface. As a further study from this it may be possible to use a hydrophobic
material to prevent this passage of electrolyte through the TCO. However this would
not be a trivial study and the material chosen must not remove the enhancements in
transmission afforded by the use of ITiO and IZO over FTO and ITO.
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POTENTIAL
CONFIGURATIONS OF
LOW-COST TANDEM SOLAR
CELLS
7.1 Introduction
Novel materials for application in solar cells, in addition to devices with a narrow ab-
sorption region (and/or low photon conversion efficiency) are often remarked as being
suitable for use in a tandem solar cell. This is usually not followed up with substantial
evidence pertaining to the claimed suitability or in fact any results to reinforce this
statement. The complexity of tandem solar cells has been demonstrated previously
from a materials aspect, although several challenges with measurements also exist.
The selection of absorbing materials seems a trivial aspect in tandem devices, based
solely on their respective bandgaps and EQE data. However the spectrum available
to the bottom device is not always simply all wavelengths not absorbed by the top
device.
Optical and electrical modelling of different absorbers/devices may be utilised to
optimise a tandem configuration. The reliability of such a model is dependant on
the data used and the design/complexity of the model. The DSC/CIGS tandem has
been shown to demonstrate promising efficiencies when combined in a physical stack
of each respective device, however when combined in a monolithic design in both this
thesis and elsewhere, the same efficiency of the physical stack has been difficult to
replicate. Two focus points of this difference in efficiency have been the transparent
conducting oxide used in the top layer and the corrosion of the CIGS layer by the
electrolyte used in the DSC.
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7.2 Motivation
The highest efficiency tandem solar cells are currently the most expensive available,
these find use in applications where the cost is not a consideration. Vast knowledge
of III-V materials and vacuum deposition are used in addition to extensive research
to the benefit of this technology. The overall device is set up to achieve a high
efficiency and this is not accomplished by simply producing several absorber layers
with maximised absorption in particular regions. So far the DSC/CIGS tandem has
not been set up in a similar fashion, the main changes to the individual absorbers has
been to remove the light scattering layer of the DSC and use a slightly lower efficiency
CIGS device.
By modelling the optical parameters of the tandem device it may be possible to
make modifications to enhance the efficiency of the device by methods not currently
employed. This method will potentially help to increase the overall efficiency by
identifying key areas of change.
7.3 Methodology
The model used to demonstrate the keys areas of focus for the DSC/CIGS tandem will
be kept relatively simple, as the potential complexity (and to an extent, accuracy) may
escalate into a thesis of its own. The model will simulate the effects of changing several
parameters in the tandem device through the use of measured data from each of these
individual layers. The DSC layer however may cause potential problems as ideally
it would be possible to change the DSC thickness in the model to simulate the yield
to the CIGS layer. To achieve this the DSC layer transmission and absorption must
be modelled relative to its thickness, which as a mesopourous layer is not necessarily
straightforward.
7.3.1 Model Design
Similar to estimating the band gap of a TCO the Beer-Lambert law may be used to
describe the transmission and absorption of light through a tandem device (or any
other solar absorber). Ideally reflective losses would be taken into account at each
new interface layer, which may potentially be reabsorbed by the previous layer (and
be re-reflected), however the fate of these reflected photons will not be taken into
account or modelled further to keep the model simple, as these typically only account
for less than 5 % of incident photons unless at the first glass interface.
Interference fringes are removed by using absorbance as a measure of how much
light is lost through the optical stack. A model of the Glass/TCO/DSC will be
compared to actual measured data of the same stack, as this is relatively simple to
measure in the UV-Vis-NIR spectrophotometer.
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The model should comprise of 5 layers and are listed in order of incident light:
1) Glass, 2) DSC TCO, 3) DSC absorber, 4) Electrolyte, 5) CIGS TCO which can
be seen below in Figure 7.1. By examining the light available to the CIGS layer
after passing through the tandem stack it may be possible to identify the optimal
(In+Ga)/In ratio, rather than the standard used currently for single absorber layers.
Figure 7.1: A depiction of the interfaces indicent light must pass through to get to
the CIGS solar cell, used in this chapters model.
The absorbance for each layer was calculated by determination of the absorption
co-efficient for each layer, determined using the Beer-Lambert law and measured with
a UV-vis-NIR spectrophotometer. The Absorbance given by A = 100% - R% - T%
by each material. It is possible to more accurately determine the transmission of light
through several layers of thickness, t, by using the refractive index of each material, n,
combined with the absorption co-efficient and the Fresnel equations, given in equation:
% R =
(
n1 − n2
n1 + n2
)2
(7.1)
The Fresnel equations although more accurate in modelling the reflections at each
interface, require the refractive index of each material. It is possible to measure this in
each material empirically, but difficulties arise with porous or light scattering layers,
such at the dyed DSC layer. Ellipsometry may be used as a technique to calculate
the refractive index but was not chosen as this technique uses a model to determine
the refractive index. Several attempts were made to model the refractive index using
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a dyed and undyed 8 µm TiO2 electrode on a 1 mm thick glass slide. Despite several
attempts to fit the best model in the ellipsometry software and Cauchy’s equations it
was not possible to accurately replicate the transmission spectrum of light through a
glass/DSC interface. The absorption co-efficient can be measured directly from the
layer of a known thickness, the refractive index can be modelled from measured data
using ellipsometry. Although for thin films this can be a trivial measurement, for
sensitised TiO2 layers this can be complex. The ability of the undyed TiO2 layer to
reduce the transmission of incoming light through scattering rather than reflection can
cause complications when modelling the refractive index. Initially the model would
have been made from several interfaces using refractive indices. Several attempts
were made to model the refractive index, so that the thickness of the layer could be
adjusted to give more realistic transmission and reflectance data instead of using the
Beer-Lambert law. No modelled data were able to simulate the transmission of light
through the dyed or undyed TiO2 layer as well as that derived from the absorption
co-efficient and as such the crude approximation of optical behaviour in the device
was made through the use of the Beer-Lamber law.
For comparison to this model the DSC transmission was measured for several TiO2
thicknesses using a UV-vis-NIR spectrometer, each TiO2 layer was dyed with N719
and had been screen printed onto TEC8 FTO coated glass. it would be preferential
to be able to simply modify a numerical value to denote the thickness of the DSC
absorber layer, rather than enter a new set of appropriate data, this may also help
to remove any measurement error from the variation in TiO2 electrode quality from
screen printing. The thickness of the DSC layer can have a substantial effect on the
transmission of light through to the CIGS layer and as such confirms the importance
of being able to easily change the thickness for the model. The nature of the DSC
absorber layer, a thin layer of TiO2 dyed with a sensitising dye (such as N719), gives
rise to several modelling challenges.
The transmission, reflectance and absorbance for the glass, FTO and dyed TiO2
layer can be seen in Figure 7.2. As has been discussed in previous chapters there
is a high absorption of NIR photons as a result of the FTO layer, with almost no
contribution from the glass and TiO2 layer. For comparison the dyed TiO2 data can
be seen in Figure 7.3, which details the extent of the absorption for a 6µm thick layer
sensitised with N719 dye. This shows the typically observed double hump profile,
with little absorption in the NIR.
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Figure 7.2: Absorbance, transmission and reflectance data as a percentile for 1.1 mm
glass, TEC8 fluorine-doped tin oxide and unsensitised TiO2.
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Figure 7.3: Measured absorbance, transmission and reflectance of a DSC with a 8 µm
thick TiO2 layer sensitised with N719 dye.
7.4 Results
Using FTO TEC 8 as the TCO and the primary source of reflection, the modelled
transmission through a Glass/FTO/DSC stack can be seen in Figure 7.4a for varying
thickness of TiO2T˙he overall transmission of relevant wavelengths to the CIGS ab-
sorber layer (>800 nm) is not ideal, given the absorption of the FTO layer resulting
in less than ca.70 % of all photons between 800 - 1200 nm available to the CIGS layer.
It should also be highlighted that the CIGS device itself has several additional layers
before the absorber layer, the second TCO layer (typically ITO) and CdS n-type layer.
The absorption from the CdS layer is negligible given its typical 50 nm thickness and
will be ignored in the remainder of the model in this chapter. Inclusion of this ITO
layer into the model can be seen in Figure 7.4b. Further reduction of transmitted
photons leaves almost half of photons with wavelength 800-1200 nm available, likely
to manifest as a severe reduction in current density given the limitation of the de-
vice performance in a series configuration. Reduction of light to the CIGS layer has
already been studied in this thesis, in Chapter 5, although the extent of this photon
reduction is not likely to effect the Voc in the same manner as the Jsc. Some solar
cell materials such as silicon do not perform well in periods reduced solar irradiance,
such as the sunrise/set and even the winter. A particular strength of DSCs is their
ability to still deliver their optimum open circuit voltage, with only their current den-
sity slightly reduced. This has been demonstrated at illumination as low as 0.1 Suns,
which is roughly 10 % of the intensity of AM 1.5G. This reduction in photons to the
CIGS absorber described in the modelled FTO/DSC/ITO configuration demonstrates
the necessity to improve the transmission to increase the performance of the overall
tandem device. In Chapter 5 the Jscproduced from the DSC/CIGS devices were not
equivalent to the DSC Jsc, which should be the current limiting junction.
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Figure 7.4: Modelled data for % transmission of indicent photons through a (a)
glass/FTO/DSC and (b) glass/FTO/DSC/ITO stack at varying DSC thicknesses.
Introduction of a high transmittance TCO in the NIR in the form of either ITiO
or IZO as the front contact shows a clear improvement in transmission of photons
in the CIGS absorption region. An increased transmission of roughly 10 % can be
seen in Figure 7.5 when compared to FTO. In part this corrects for the absorption
by the CIGS ITO layer and is in agreement with empirical data reported elsewhere
[122]. The transmission of light through the device is almost equivalent regardless
of whether ITiO or IZO is used, with ITiO having a more flat profile in the CIGS
absorption region. The transmission in the visible region of both profiles may also be
used to confirm that 12 µm is an optimum thickness for the DSC layer. Given that
layers thicker than this can result in sub-optimal performance electrically, this result
is encouraging. Due to the lower bandgap of IZO over ITiO the absorption onset is
redshifted, resulting in ITiO being the more suitable TCO for use with DSCs. In
addition ITiO has shown thermal and chemical stability compatible with the DSC
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fabrication process. It is unlikely that without using low temperature processing for
DSCs, that IZO will be suitable as the top contact as heating in air causes crystalliza-
tion of the thin film and degradation of electrical properties. Low cost processing has
been studied in depth, however this typically yields TiO2 electrodes of substandard
performance compared with the method used throughout this thesis.
The inclusion of the CIGS ITO layer to the model further diminishes transmission
as expected, seen in Figure 7.6, however both ITiO and IZO as a front contact realises
an improvement in overall transmission of photons to the CIGS device, compared to
the FTO/ITO combination in Figure 7.3.
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Figure 7.5: Modelled data for % transmission of incident photons through a (a)
glass/IZO/DSC and (b) glass/ITiO/DSC stacks at varying DSC thicknesses.
ITiO shows a higher transmission in the glass/TCO/DSC/ITO stack compared to
IZO, a result of its overall higher transmission in the NIR. Given the advantages of
ITiO over IZO when considering its application in DSCs, it should be the TCO of
choice in the front contact of a tandem DSC/CIGS and would be better suited than
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FTO. IZO may not be a candidate for the top contact but may be better suited as
the TCO of the CIGS device in stead of AZO/ITO. IZO may be deposited at room
temperature with no loss in opto-electronic performance, which is not a characteristic
in TCOs commonly used in CIGS device fabrication (AZO and/or ITO).
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Figure 7.6: Modelled data for % transmission of incident photons through a (a)
glass/IZO/DSC/ITO and (b) glass/ITiO/DSC/ITO stack at varying DSC thicknesses.
Potentially the combination of both TCOs presented in this thesis could overcome
the current density limitation of the DSC/CIGS tandem solar cell. With ITiO used
as the front contact and IZO as the CIGS contact it may be possible to greatly
increase the transmission to the CIGS absorber layer and increase the current of the
CIGS layer to match the DSC. If successful this could increase the efficiency of the
monolithic device above the current 12 % maximum. The resulting optical model can
be seen in Figure 7.7, with ITiO and IZO used as the TCOs. The 12 µm thick DSC
layer can again be seen to be the optimum thickness, as it demonstrates the ability
to absorb all light in the area of the DSC bandgap. The transmission to the CIGS
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layer is also vastly improved over the original FTO/ITO combination seen previously
in Figure 7.4b.
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Figure 7.7: Modelled data for % transmission of incident photons through a
glass/ITiO/DSC/IZO stack at varying DSC thicknesses.
This improvement in transmission gives an overall improvement in transmission of
nearly 20 % between 800-1200 nm. The tandem cell presented previously was had a
current density roughly 10 % lower than that of a DSC fabricated using a ITiO front
contact, for a FTO this is closer to 25 %.
Figure 7.8 highlights the difference in transmission between the FTO/ITO and
ITiO/IZO structures against the external quantum efficiency of CIGS cells with dif-
ferent indium/gallium ratios. The latter structure offers a strong platform to increase
the performance of the DSC/CIGS tandem cell, but also raises questions to the combi-
nation of these materials. The DSC absorption knowingly overlaps the CIGS absorp-
tion region, which serves to current match the overall device by preventing absorption
of blue photons. This is useful, but given the parasitic absorption of NIR photons it
has led to DSC/CIGS devices with poor current output, as this is limited to the worst
performing device. Altering the In/Ga ratio may also serve to increase performance,
which has been suggested previously [74]. Reduction of the Ga content will ultimately
increase the Voc whilst reducing the Jsc previously the opposite was deemed the cor-
rect choice, as reducing the Jsc would serve to current match the DSC/CIGS device
however the parasitic absorption of the DSC layer would seem to accomplish this too
effectively. It may be possible by either substituting CIGS for CIS or a low gallium
concentration CIGS cell to increase the current density delivered at slight detriment
of the Voc.
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Figure 7.8: Modelled data for (a) transmission (%) for the FTO/DSC/ITO and
ITiO/DSC/IZO stacks compared against (b) EQE data of CIGS absorbers with dif-
ferent indium/gallium ratios.
7.5 Conclusion
When attempting to enhance the efficiency of a solar cell the absorbing part of the
device is often regarded at the key area to focus on. For CIGS this is particularly
true given the complexity of the process used to form this quaternary structure. This
chapter has signified the importance of ensuring that the optical interfaces are well
optimised to complete a well performing device. The current TCOs used in both
DSCs and CIGS solar cells are clearly not well suited to maximise current density
in a monolithic DSC/CIGS solar cell and switching to NIR transmitting TCOs such
as ITiO and IZO would benefit this setup. In doing so the balance of the current
matching current achieved may be disturbed, however the ability to manipulate the
CIGS In/Ga ratio will help to restore this balance and realise a fully optimised tandem
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structure.
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CONCLUSIONS
This thesis has sought to solve and contribute to two of the main issues with DSC/CIGS
tandem solar cells highlighted in both this thesis and by other research groups. Firstly
the CIGS layer requires a greater number of photons relevant to its bandgap (800-
1200 nm) to improve the overall efficiency of the device. These photons are currently
absorbed by the FTO used as the top contact in the DSC layer. Secondly a solution
to corrosion of the CIGS layer by the electrolyte used for hole conduction to the DSC
TiO2 layer. In addition to contributing to these two issues additional methodolo-
gies for the measurement and fabrication of DSC/CIGS tandem devices have been
determined.
Replacement of the FTO top contact in the tandem device by the high mobility
ITiO increases transmission through the DSC top stack without sacrificing perfor-
mance of the DSC cell. This increase in transmission led, in part, to an increased
efficiency of a DSC/CIGS tandem solar cell when in a monolithic configuration. This
performance improvement was, however, slight and helped to raise additional ques-
tions about the simplicity of fabricating a tandem cell from existing separate tech-
nologies. Improvement in the deposition of ITiO itself was made to keep in theme
with the low cost approach of this thesis. FTO is currently produced by deposition
onto molten float glass, combining its production with that of the glass itself. With
the remaining world supply of indium a topic of much discussion of whether supply
not meeting demand will increase the cost, an alternative method to deposit ITiO was
sought to increase deposition rates and throughput. The use of a pulsed DC power
supply increased the deposition rate by 10 % when compared to that produced by
RF sputtering. The use of the pulsed DC power supply did produce ITiO films with
different crystallinity compared to those deposited using a RF power supply. Despite
these differences in crystallinity the pulsed DC films were comparable in performance
to the RF films and used to produce DSCs with identical performance.
Tandem DSC/CIGS solar cells fabricated to determine the performance increase of
using ITiO also helped to highlight several issues facing measurement of such devices.
I-V measurements of DSCs typically require partial masking of the absorber in order
to accurately know the area for the calculation of the device efficiency. For CIGS this
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is performed by mechanically scribing (and removing) the absorber layer. DSC/CIGS
devices to date have been assembled by replacing the typical counter electrode with a
complete CIGS solar cell of a similar area. This thesis has demonstrated the need to
continue the practise of shading the device using a mask for more accurate efficiency
measurements, but successfully describes a new method to drastically reduce Voc and
Jsc losses through unintentional shading of the CIGS cell. Removal of excess CIGS to
reduce the cell area close to that of the DSC TiO2 electrode brought the performance
in line with that of an unmasked tandem device when masked. A considerable amount
of CIGS was wasted during this process and would be uneconomical for any industrial
application. It was concluded that this would be more effectively achieved through
fabrication of the CIGS to match the cell area of the DSC, rather than removing
excess material after.
Despite the improvements in cost reduction and efficiency increases, the DSC/CIGS
solar cell is not currently a stable device as it suffers breakdown upto 48 hours after
fabrication caused by corrosion by the electrolyte. As this corrosion occurs through
pinholes in the CIGS TCO an alternative was investigated, the amorphous TCO zinc
oxide-doped indium oxide. Other buffer layer materials have been employed as a bar-
rier to chemical and thermal reactions, SnO2 is an example employed in this thesis to
protect ITiO. Novel characterisation of IZO deposited from a single ceramic target was
documented, along with demonstrating the Urbach tailing typically observed in other
amorphous materials. Despite the lack of apparent grain boundaries and pin holes
IZO was shown to unsuccessfully withstand the percolation of the DSC electrolyte,
resulting in etching of the test layers beneath it in every trial. Several other thin films
were tested, also unsuccessful in preventing etching of the test layer. Despite this,
IZO was identified as a candidate material to replace ITO/AZO as the CIGS TCO
layer due to its ability to be deposited at the low/room temperatures required during
CIGS cell fabrication without any loss of performance. In a DSC/CIGS tandem it
was shown using modelled data, that the use of ITiO and IZO together to replace the
currently used FTO and ITO/AZO could increase transmission to the CIGS layer by
up to 30 %. The efforts made and achieved throughout the process of this thesis, in
order to circumvent the issues around the DSC/CIGS tandem solar cell, has revealed
a few inherent but new issues connected with tandem solar cell fabrication using the
monolithic (2-wired) series configuration. These may be highlighted as below:
1. The development of the high mobility TCO, ITiO, was successfully deposited
using an industrially favoured pulsed DC process for the first time. Thin films
deposited by this method were then successfully incorporated into monolithic
tandem DSC/CIGS devices.
2. It has been identified that the monolithic tandem DSC/CIGS tandem structure
fabrication process has practical issues. Shading losses were detected from fabri-
cation methods currently employed in research, when attempting to measure the
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device with a mask. This thesis provides directions to modify the methodology
of the fabrication process carried out at laboratory and industrial scales.
3. The choice of a low temperature processed and amorphous TCO, IZO, was
successfully deposited and optimised in an attempt to provide a corrosion barrier
to the CIGS cell whilst acting as a highly transparent conducting layer. It was
shown that IZO did not cause any damage to the CIGS layer, but was unable
to prevent damage from the liquid electrolyte used in conventional DSCs. This
has made a firm conclusion on the fact that liquid electrolyte based tandem
structures are not favourable routes and the alternatives for solid state devices
remain as the only viable option.
8.1 Future Directions
DSC/CIGS tandem solar cells had been shown to be a promising combination of
two well understood technologies. It has become clear however that further optimi-
sation is required to integrate both separate devices to yield a true low-cost, high
efficiency tandem device. The corrosion of the finished device is a clear limitation and
must either be suppressed or the electrolyte removed from the tandem device. Some
alternatives could be explored such as water based electrolytes or hole conducting
polymers currently employed in solid state DSCs. Currently the most efficient DSCs
exist with the redox electrolyte used in this thesis, exploring alternatives although
recommended, may require further optimisation in keeping or in fact progressing the
efficiency of the DSC/CIGS tandem. It is entirely possible to remain with the 2 device
stacked approach from the seminal paper on this tandem device, however this is not
a realistic prospect for electricity generation given the additional costs of the extra
glass and coatings. Even the additional weight from this glass should be considered,
given the transportation costs, ease of installation and the ability to install on cer-
tain properties. This 2 device stacked tandem immediately removes the advantage
afforded from thin film solar cells and despite the current efficiency advantage should
be avoided.
Exploration of emerging technologies such as perovskite solar cells to replace the
DSC as the top absorber may solve the corrosion problem as they are solid state
devices. These devices are met with their own challenges, such as their inherent
instability in air, but their enormous improvement in efficiency over DSCs should not
be overlooked. The TCOs demonstrated in this thesis would be suitable for both the
front contact of the perovskite cell and the contact of the CIGS and their improvement
in transmission would allow a greater Jsc to be obtained from the CIGS to match the
perovskite (which is much greater than that of a DSC). Simple modelling can be
performed, similar to that presented in this thesis, to suggest improvements to this
architecture and identify any potential shortcomings.
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